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Salmonella enterica sv. typhimurium is a major food-borne pathogen, in part 
because of its ability to persist and multiply at low temperatures. Adaptation to refrigerated 
temperatures involves induction of a multigenic cold shock response (CSR); where gene 
expression is co-ordinately modified, to express cold shock proteins (CSPs). 
Characterisation of CspA, the major cold shock protein, instigated the identification of other 
CspA paralogues; which are highly conserved and widespread across species.  Six CspA 
paralogues have previously been identified in S. typhimurium and a csp null strain, lacking 
all CspA paralogues made.  This strain is unable to grow following cold shock, 
demonstrating that the CspA paralogues play an essential role during low temperature 
adaptation. The individual CspA paralogues exhibit distinct expression profiles; including 
expression of CspC and CspE at optimal temperature and CspA and CspB following cold 
shock.  This work investigates the transcriptional changes of S. typhimurium during cold 
shock and the role of the CspA paralogues under both optimal and cold shock conditions. 
Using a bacteriophage Mu transposon library (Francis and Gallagher, 1993) this 
study identifies 7 novel cold induced targets and analyses their native expression levels in 
SL1344 and the csp null strain during cold shock. This revealed that the regulation of 5 
discrete loci including tRNApro2, cpxP and 3 uncharacterised ORFS are mediated by CspA 
paralogues.  In addition, the transcriptional profiles of a highly conserved and essential set 
of genes encoding known cold shock proteins, NusA, IF2, RbfA, PNPase and CsdA have 
been characterised. Comparative Northern analysis of SL1344 and the csp null strain has 
identified a role for CspA paralogues in mediating low temperature induction of three of 
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these genes, through transcription anti-termination.  Taken together these results 
demonstrate that during adaptation to low temperature CspA paralogues regulate expression 
of genes involved in the translational machinery and metabolic biosynthetic pathways: 
possibly through a number of transcriptional and post transcriptional processing events.   
Furthermore this study provides in vivo evidence of the RNA binding activity of the 
S. typhimurium CspA paralogues. Using fusion proteins, the RNA targets of CspE at 37°C 
and CspA at 10°C were isolated and analysed.  This work identifies 17 direct binding targets 
for CspE and these indicate that CspE performs a role at optimal growth temperature in 
regulating components of metabolic (coaA and plsX), translational (EF-Tu, EF-G and IF3) 
and virulence associated (hha) pathways.  Functional redundancy between CspE and CspA 
was suggested as both paralogues bound 16s rRNA. In light of these findings, the functions 
of CspA & CspE at optimal and low temperature are discussed. 
Overall this study has revealed novel information about low temperature adaptation 
of S. typhimurium, expanding our knowledge of the complexity and importance of the CSR 
in bacterial pathogens. In addition this work enhances our comprehension of the roles of the 
CspA paralogues at both optimal and low temperature.   
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1.1 Bacterial pathogens are the major causal agent of food-
borne illness 
 
The global extent of food-borne illness is difficult to calculate as many 
incidences are never reported thus recorded figures may be significantly under 
estimated.  In 2008 the Centre for Disease Control and Prevention (CDC) estimated 
that in the United States (US) there were 87 million cases of food-borne illness 
which lead to 371,000 hospitalisations and 5,700 deaths.  In 2007 the Food Standards 
Agency (FSA) estimated that food-borne illness accounted for 926,000 cases, 18,900 
hospitalisations and 443 deaths in the UK alone.  However their occurrence in 
developing countries is more prevalent and even less well documented.  Records are 
limited to infant incidences and these indicate bacterial food-borne pathogens 
account for approximately 2.1 million child deaths annually (WHO, 2002).  The 
losses suffered due to food-borne diseases in terms of medical costs and lost 
productivity, both industrially and agriculturally are enormous. 
Transmission of disease through the ingestion of contaminated food is the 
main cause of food-borne infection worldwide.  Food acts as the vehicle for 
pathogenic organisms including viruses, fungi, parasites, protozoa and bacteria.  
Bacterial pathogens are the primary cause of food-borne illness and the five most 
prominent pathogens that account for much of the most severe illness include: 
Salmonella, E. coli O157 and other Shiga toxin-producing E. coli, Campylobacter, 
Listeria, and Toxoplasma (Mead, et al., 1999).  Salmonella is primarily associated 
with raw poultry and eggs (Tauxe, et al., 1998).  Listeria monocytogenes is 
associated with pasteurized milk or cheese and some ready-to-eat foods.  E. coli is 
most commonly associated with ground meats and Campylobacter found in 
contaminated poultry, raw produce or milk (Tauxe, et al., 2000).   
Transmission to humans occurs commonly in the food chain, through 
colonization of farm animals or contaminated water via the faecal-oral route.  
Improper sanitation, processing transit or storage of produce, and improper 
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preparation or cooking prior to consumption are also major contributors to the 
transmission of food-borne disease. 
 
1.2 Salmonella as a food borne pathogen 
 
Salmonella is a major food-borne pathogen of medical, agricultural and 
veterinary importance.  The genus Salmonella contains two species “S. enterica” and 
“S. bongori”.  S. enterica is divided into six subspecies: I. enterica, II salmae, IIIa 
arizonae, IIIb diarizonae, IV houtenae and VI indica.  Previously a subspecies V 
existed for bongori however this has since been classified as a separate species.  The 
subspecies of enterica is further divided into various serovars based on the serologic 
identification of somatic (O) and flagellar (H) antigens (Brenner et al., 2000).  These 
differe in host range and pathology and are divided into human specific organisms S. 
typhi and S. paratyphi, and non-typhoidal Salmonellae (NTS) of which the major 
causes are S. typhimurium and S. enteritidis.  Diseases that affect humans, caused by 
infection with Salmonellae, are collectively known as Salmonellosis.  Globally 
human specific serovars are estimated to cause approximately 22 million cases of 
infection and 200,000 deaths per annum.  NTS is responsible for between 200 
million and 1.3 billion cases and 3 million deaths (Coburn, et al., 2007).  In 2006 
food-borne disease, of which NTS is a major contributor, was estimated to cost 
England and Wales ~£1.5 billion (FSA, 2007).   
Disease symptoms are generally characterized by diarrhoea, cramping, 
nausea and vomiting (Ohl & Miller, 2001).  NTS infection normally presents as a 
self limiting gastrointestinal disease however in the elderly, infants or people with 
impaired immune systems, infections that do not receive treatment can become 
systemic and frequently result in fatalities.  Recently a highly invasive multi-drug 
resistant strain has emerged in Africa which is particularly prevalent in HIV patients 
(Graham et al., 2010).  Moreover the human specific serovars, S. typhi and S. 
paratyphi, produce a severe systemic disease marked by fever, headache and 
abdominal pain.  In some cases this is followed by intestinal rupture, internal 
bleeding, shock, and death.  Other associated symptoms can develop including 
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reactive arthritis or meningitis.  Alternatively an extended period as an asymptomatic 
carrier can ensue (Andrews-Polymenis, et al., 2010).     
Previously the major source of Salmonella infection was poultry meat and 
eggs.  However vaccination of chickens as a preventative method to control 
Salmonella has proved to significantly reduce the number of cases of food-borne 
illness (Woodward et al., 2002).  Although Salmonella vaccines exist for poultry and 
animals, human vaccines are only available for typhoid strains.  Currently treatment 
of NTS depends heavily on antibiotic treatment, primarily fluoroquinolones.  
However during recent years multi-drug resistance of Salmonella spp. has risen 
dramatically, primarily as a result of the overuse of antibiotics (Glynn et al., 1998).  
Multi-drug resistant S. typhimurium phage type DT104 is prevalent in both, 
developed and developing countries, and is carried asymptomatically by cattle (de 
Jonge et al., 2003).  It can subsequently be transmitted to healthy domestic and wild 
animals (Jorgensen et al., 2000).  Plasmid-borne antibiotic resistance is frequent in 
Salmonella strains (Carattoli, et al., 2003).  A target for the development of a live 
vaccine against NTS would potentially provide a means to combat the incidence of 
food-borne disease.  
Salmonella infection is also associated with contamination of meat from farm 
animals including cattle, pigs, goats and sheep but also results from contamination 
during evisceration, washing and transportation of animal carcasses.  An emerging 
problem in the USA is the outbreaks of Salmonellosis resulting from contamination 
of vegetable, fruit and salad produce which are often consumed uncooked.  Infection 
may also ensue following ingestion of food that supports proliferation of Salmonella 
such as eggs, cream, mayonnaise.  Commercial processes are employed to preserve 
food and reduce/eliminate bacterial pathogensby exposure produce to environmental, 
physical and chemical stress that provide sub optimal conditions for microbial 
survival.  However bacteria elicit stress responses that can facilitate their survival 






1.3 Commercial approaches to reducing food-borne 
pathogens 
 
Industrial food processing aims to reduce pathogen growth and preserve 
longevity of consumable products.  This is achieved through a number of physical, 
chemical and biological processes.  Physical processes to reduce the number of 
pathogens contaminating food include the removal of the microorganism through 
asepsis and filtration, manipulation of water activity, pressure and temperature and 
irradiation.  Chemical approaches to the preservation of food include osmotic control 
through the addition of natural preservatives including sugars, salt, and acids and 
chemical additives.  Biological processes used to preserve food include alcohol and 
acidic fermentation. 
The physical approach of drying, including solar drying, mechanical drying, 
osmotic dehydration and sub atmospheric dehydration (freeze drying), are methods 
of food preservation used to reduce water availability to microorganisms.  High 
pressure processing of consumable products reduces pathogens in food through cell 
envelope related effects; pressure induced cellular changes, biochemical aspects and 
genetic mechanisms.  However this process can cause undesirable structural damage 
to the product and it is well established that bacterial endospores are highly pressure 
resistant.   
Heat treatment is a common method employed to reduce microbial 
contamination of produce, including blanching, pasteurization, sterilization and 
commercial sterilization.  The effect is dependent on the extent and length of 
treatment and is not effective against heat resistant spores, it also reduces the 
nutritional value of food.  Low temperature incubation at both refrigerated 
temperatures (<8°C) and freezing are common methods of food preservation and are 
dependent on the gradient of the temperature shift, aeration and food type.  This does 
not sterilize contaminated food but aims to reduce pathogen growth and survival for 
extended periods of time and reduce spoilage.   
Irradiation of food refers to the process of causing ionization through the 
exposure of food to radiation energy, leading to the death of microorganisms due to 
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genetic damage.  However this treatment is not popular to the consumer market as 
this is considered an additive and unless used at the maximum dose does not 
eliminate bacterial agents such as Clostridium spp. (Smith and Pillai, 2004).   
Chemical preservation methods include the addition of natural substances 
such as sugars, salts and acids to increase the osmotic pressure and prevent microbial 
development.  Synthetic chemicals such as benzoic acid, sulphur dioxide, nitrites and 
nitrates, propionic acid, lactic acid and their salt counter parts are also used in 
chemical preservation methods causing damage to bacterial cells.  Biological 
processes used in the preservation of food include fermentation technology involving 
alcoholic or acidic fermentations through natural, artificial or combined acidification.   
Packaging to reduce aeration is also a means employed to address microbial 
contamination and growth during food processing.  Preservation treatments, known 
as microbial hurdle technology, include increasing acidity and salinity, drying, 
heating and cooling and are often combined or used sequentially (Leistner and 
Gorris, 1995).   
Salmonella and other Gram negative bacteria have evolved signal 
transduction systems that upon exposure to environmental stresses are activated.  
These are known as stress responses and facilitate adaptation and survival in sub 
optimal growth conditions.  These facilitate the persistence of microbial pathogens 
throughout the food chain and significantly contribute to the incidence of food-borne 
illness.  Studies concerning bacterial stress responses have been extensive as they 
play an important role in the transmission of food-borne illness and prevalence of 
disease (Boor, 2006; Giuliodori, et al., 2007). They are also highly relevant in the 
development of commercial, industrial and agricultural methods to combat microbial 
pathogens as the demand for large scale food production increases.  Additionally 
consumer demand is increasing for organic produce. This produce does not undergo 
preservation treatments and therefore low temperature incubation is often the key 
method for reducing bacterial survival.  
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1.4 Bacterial growth and the response of bacteria to 
temperature change 
 
The effect of temperature on bacterial pathogens is of significant importance 
in the food industry as it is an extremely important parameter in determining the 
growth and survival of micro-organisms.  Bacterial growth rate is determined by the 
rate of enzymatic reactions, which are themselves determined by the conformation of 
cellular macromolecules.  The conformation of cellular macromolecules is directly 
affected by environmental temperature (Russell et al., 1990).  The relationship 
between temperature and bacterial growth rate is described by the Arrhenius 
equation. 
 





In this equation r is bacterial growth, A is a constant related to steric factors 
and collision frequency, e is the base of the natural log, Ea is the activation energy, R 
is the universal gas constant and T is the absolute temperature.   
Higher temperatures lead to a higher kinetic energy through an increase in 
rate of collision of molecules and conversely low temperatures lead to a lower kinetic 
energy.  According to this equation bacterial growth rate is lower at extreme 
temperatures.  Extreme temperatures not only result in a lowered growth rate but can 
cause a cessation of growth, or death.  The effect of extreme temperatures depends 
on the organism, its cardinal temperatures and the cellular response.  
The cardinal temperatures refer to the minimum (TMIN), optimum (TOPT) and 
maximum (TMAX) temperatures for growth and will differ for each organism. 
Bacterial organisms are divided into four major groups based on their optimal growth 
temperature; psychrophiles (<20°C), mesophiles (between 20°C and 42°C), 
thermophiles (between 42°C and 70°C) and hyperthermophiles (>70°C).  Cardinal 
temperatures within thermal groups can vary considerably.  It is also noteworthy that 
bacteria can survive without cell division over a significantly wider temperature 
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range.  This has implications in the food industry not only during heat treatment and 
cooking but also for refrigeration and freezing during processing, transit and storage 
(Madigan et al., 2000). 
 
1.4.1 Heat Shock 
 
The bacterial response to heat has been extensively studied in mesophilic 
bacteria and a similar profile of molecular and genetic changes has been observed 
across species in response to an increase in temperature.  This response facilitates the 
physical and metabolic challenges that high temperature exerts on the cell to be 
transiently overcome and enables bacterial survival in the short term.  Long term 
incubation at high temperatures denatures molecules, excluding heat resistant spore 
forming bacteria.  In E. coli following a shift to high temperature a set proteins are 
induced, the heat shock proteins (HSPs), regulated by the alternative sigma factor σ
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in an analogous way to the expression of the stationary phase specific gene set.  It is 
also regulated by sigma factor σ
24
 which is usually associated with exocytoplasmic 
stress. These sigma factors control the expression of the HSPs which functionally 
serve in defence against oxygen stress, functional cell envelope maintenance, 
chaperones and proteases activity protein biosynthesis, energy metabolism and the 
amino acid biosynthesis (Luders, S. et al., 2009).  The increased expression of over 
20 proteins has been identified in the heat shock response of E. coli including 
expression of GroEL, GroES, DnaK and DnaJ. 
 
1.4.2 Cold Shock  
 
The effect that temperature reduction has on cellular function and 
proliferation is not only immediate but can be detrimental to bacterial survival; it too 
has been well documented in E. coli and B. subtilis (Yamanaka, et al., 1999; 
Graumann, et al., 1999).  A sudden temperature downshift causes a number of 
physical changes to the cell.    The most striking and well documented effects include 
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a decrease in cellular membrane fluidity, an increase in the negative supercoiling of 
DNA, dramatic changes in cellular protein synthesis and a reduction in growth rate 
(Phadtare et al., 2000; Krispin and Allmansberger, 1995).  Although these cellular 
and physiochemical changes occur following sudden temperature downshift bacteria 
sense the change in environment and respond accordingly by inducing the cold shock 
response (CSR).  The CSR involves the transient induction of a set of proteins that 
primarily act to overcome the stalled translational apparatus and aberrant RNA 
molecules.  It facilitates survival and growth, above the minimal requirement for cell 
division, at low temperature and is discussed in more detail below. 
 
1.5 The cold shock response of mesophilic bacteria 
 
The optimal growth temperature for mesophilic bacteria ranges from 20°C to 
42°C.  Following a shift to low temperature cold induced physiochemical changes 
occur that result in tightly regulated changes in gene expression, the details of this 
response differ depending on the degree of cold shock (Phadtare et al, 2004). 
 
1.5.1 The effect of low temperature 
 
1.5.1.1 Growth rate during the CSR 
 
Extreme temperature downshift to ~8°C prevents cell division resulting in 
cessation of growth of most mesophilic bacteria.  However this does not lead to total 
cell death and upon exposure to a suitable temperature if above freezing growth 
resumes.  Sudden downshift to moderately low temperatures ~ 10°C dramatically 
reduces the growth rate.  However, following adaptation, normal growth rate is 
resumed albeit slowly. 
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1.5.1.2 Membrane associated changes during the CSR 
 
The bacterial membrane provides the cell with a protective barrier that 
confers solute specificity; an important factor in determining the response to the 
environment.  It is involved in processes including solute uptake, waste export, 
protein secretion and energy generation (Schumann, et al., 2005).  The membrane is 
primarily composed of fatty acids which are modulated to maintain the optimum 
fluidity of the membrane.  A downshift in temperature leads to a reduction in 
membrane fluidity and results in reduced membrane function (Phadtare, 2004).  This 
transition from a liquid crystalline state to a gel phase state in the cellular membrane 
is reversible.  At low temperature, in E. coli, the length and saturation of 
hydrocarbon chains of membrane phospholipids are decreased lowering the melting 
point of the membrane and subsequently restoring membrane fluidity (Marr and 
Ingraham, 1962). The enzyme responsible for the conversion of phospholipid chain 
length, β-ketoacyl-ACP synthase II, is encoded by fabF, of which enhanced 
transcriptional activity has been reported in E. coli (Yamanaka, 1999). 
 
1.5.1.3 DNA supercoiling during the CSR 
 
DNA supercoiling has been explained by a mathematical model used to 
describe the structure and conformation of the DNA helix.  It is an important aspect 
of the packaging of DNA within all living cells and affects DNA and RNA synthesis.  
Two basic variations in the super-coiled state of DNA exist; positive and negative.  
Positive supercoiling occurs when the DNA becomes more tightly wound, whereas 
negative supercoiling describes a more relaxed state where the number of base pairs 
per turn in the helix is increased.  DNA supercoiling is regulated by DNA 
topoisomerases, whereby DNA gyrase increases negative supercoiling and DNA 
topoisomerase I increases positive supercoiling (Lopez-Garcia, 1999).  A transient 
increase in negative supercoiling has been reported at low temperature (Mizushima et 
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al., 1997) which arises as a result of the increased expression of DNA gyrase 
providing a means to increase the local unwinding of DNA, thereby enabling DNA 
replication, transcription and recombination to proceed more readily. 
 
1.5.1.4 Protein synthesis and expression during the CSR  
 
At low temperature additional nucleic acid secondary structures form through 
increased RNA:RNA intermolecular bonding, resulting in the disruption of 
transcriptional and translational processes.  The increase in aberrant RNA secondary 
structures that form more readily at low temperature lead to a reduction in 
translational events and a stalling of translational apparatus.  There is a decrease in 
polysomes and an increase in 70S ribosomes and ribosomal sub-units which results 
in a “jamming” of the ribosomes (Farewell and Neidhardt, 1998).  Jammed 
ribosomes reduce the efficiency of transcription and translation causing inefficient 
ribosomal function.  This ultimately results in the ineffectual folding of many 
proteins.  Thus, a sudden reduction in temperature results in a dramatic reduction in 
normal cellular protein synthesis and becomes a rate limiting factor for growth 
(Phadtare, S., 2004). 
 
1.5.2 The response to low temperature 
 
The reduction in the synthesis of many cellular proteins is transient.  Upon 
cold shock, changes in the pattern of gene expression reduce the expression of non-
essential genes and induce the level of gene products required for survival.  This 
enables cellular machinery and processes to adapt to low temperature and facilitate 
normal cellular synthesis and growth rate to resume.  The molecular changes of the 
CSR have been most extensively studied in E. coli by two dimensional 
polyacrylamide gel electrophoresis (2D-PAGE) and radioactive labelling of newly 
synthesized proteins (Jones et al., 1987).  Initially this study revealed an increase in 
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the rate of synthesis of thirteen proteins at 10°C relative to their expression at 37°C.  
Other CSPs have subsequently been identified and the currently reported CSPs in E. 
coli are summarized in Table 1.1.   
The initial adaptive phase of the CSR, during which normal cellular protein 
(non-CSP) synthesis is heavily down regulated and cold shock protein (CSP) 
synthesis is substantially increased, is referred to as the acclimation phase (Jones et 
al., 1987).  In E. coli the CSPs have been divided into two broad classes based on the 
level of their expression and the order in which they are synthesised during the cell‟s 
adaptation to lower temperatures.  Class I CSPs are either not present at 37˚C or 
expressed at comparatively low levels and their expression is dramatically increased 
upon cold shock (see Figure 1.1).  In general Class II CSPs have a basal expression 
at 37˚C and are moderately induced upon cold shock (Wick and Egli., 2004) (not 
shown in Figure 1.1).  Expression of CSPs increases until the cell has adapted to the 
new environment and thereafter a non-CSP expression is again observed and CSP 














Figure 1-1 The effects of cold shock on E. coli protein synthesis 
Schematic representation of the effects of cold shock on E. coli protein synthesis.  During acclimation, 
non-CSP synthesis is inhibited, whereas class I CSPs are dramatically induced.  After cold adaptation, 
CSP synthesis is repressed and non-CSP synthesis is able to resume (Thieringer, et al.,1998). 
 
 
At low temperature the primary function of CSPs is to overcome the stalling 
of translational apparatus.  This facilitates normal cellular protein synthesis and 
function which enables normal growth rate to resume.  Of the 26 proteins currently 
documented in the literature as CSPs in E. coli they can be grouped into broad 
functional classes involved in DNA replication and chromosome dynamics, RNA 
processing, transcription, translation, degradation and post translational modification.   
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aceE AceE Pyruvate dehydrogenase 
aceF AceF Pyruvate dehydrogenase 
cspA CspA 
RNA and DNA binding; RNA chaperone; transcriptional and translational 
enhancer 
cspB CspB RNA binding 
cspE CspE 
RNA binding nascent RNA chaperone transcriptional antiterminator PNPase 
and RNase E inhibitor 
cspG CspG Unknown function 
cspI CspI Unknown function 
deaD DeaD RNA helicase ribosomal assembly RNA degradation 
dnaA DnaA DNA binding and replication transcriptional regulator 
gyrA GyrA DNA binding cleaving rejoinng subunit of gyrase 
hns H-NS Nucleoid protein transcriptional repressor DNA supercoiling 
hscA Hsc66 DnaK homologue 
hscB HscB DnaI homologue 
hupB Hub Nucleoid protein 
infA IF1 Translation initation RNA binding 
infB IF2 Translation initiation fMet-tRNA 
infC IF3 Translation initiation, initiation site selection, RNA binding 
nusA NusA transcription elongation termination anti termination 
otsA OtsA Trehalose phosphate synthesis 
otsB OtsB Trehalose phosphate 
pnp PNPase 3‟-5‟ exoribonuclease, degradosome component 
rbfA RbfA Ribosome assembly maturation 
recA RecA Homologus recombination 
tig Tig Trigger factor multiple stress protein chaperone ribosome binding 
ves Ves Unknown function 








1.5.2.1 The cold shock proteins (CSPs) 
 
A number of the CSPs are involved in DNA replication and chromosome 
dynamics.  RecA is the Recombination protein A and is required for homologous 
recombination.  It plays an important role in the SOS response which is involved in 
the repair of DNA damage.  GyrA is the α sub unit of DNA gyrase and is involved in 
the negative supercoiling of the DNA helix, it is required for changes to nucleoid 
topology (Jones et al., 1992).  HUβ is the β sub unit of nucleoid protein HU which is 
involved in modulating DNA supercoiling (Mizushima et al., 1997).  At low 
temperature HUβ is preferentially expressed altering the expression ratio of the two 
HU sub units and is believed to play an important role during low temperature 
adaptation acting specifically at DNA initiation sites (Giangrossi et al., 2002).  HNS 
has been implicated in nucleoid maintenance and transcriptional repression.  
Insertion mutation of hns in E. coli  leads to a marked reduction in growth rate at low 
temperature following the acclimation phase indicating that HNS is important for 
low temperature adaptation (Dersch et al, 1994).   
Other cold induced proteins play important roles in RNA processing, 
including transcriptional initiation, elongation, termination and degradation.  NusA is 
the transcription termination/anti-termination L factor which has been assigned 
functions in the transcription termination and anti termination of target mRNA by 
binding RNA polymerase during elongation (Greenblatt and Li, 1981).  CspA is the 
major cold shock protein A and comprises 13% of de novo protein synthesis at low 
temperature.  It has been assigned a role as an RNA chaperone that destabilises 
mRNA at low temperature (Bae et al., 1997). 
PNPase is a 3‟ to 5‟ exonuclease which degrades newly synthesised mRNA 
from the 3‟ end and is important for the degradation of highly structured RNA 
molecules.  PNPase is also a component of a multiprotein complex, the RNA 
degradosome, which facilitates efficient breakdown of mRNA molecules.  It is 
comprised of the endonuclease RNaseE in association with the exoribonuclease 
PNPase, an RNA helicase RhlB, the glycolytic pathway enzyme Enolase (see Figure 










Figure 1-2 Model of the structure of the RNA degradosome 
Figure taken from Carpousis, et al, 2007.  The components of the RNA deradosome are colour coded 
and described in the key.  A mutlienzyme RNA degradation complex showing the association of 
RNase E, Enolase, RhlB, PNPase 
  
 
highly structured repeated extragenic palindromic (REP) & enterobacterial repetitive 
intergenic consensus (ERIC) elements (Carpousis, A. J., 2007).   
Other CSPs have functional roles in translational events including translation 
initiation, elongation and ribosome assembly and maturation.  CsdA (formerly called 
DeaD) belongs to a family of DEAD-box RNA helicases.  The DEAD-box proteins 
are a family that function in various RNA processing events; CsdA has been assigned 
roles in translation initiation, stabilization, degradation of mRNAs and the biogenesis 
of the 50S ribosomal subunit (Charollais, et al., 2004).  It accumulates during the 
early stages of cold shock and has been shown to associate with 50S precursors at 
low temperature.  It has also been shown to be involved in the unwinding of highly 
structured RNA molecules, many of which form during cold shock thus contributing 
to increasing translational efficiency at low temperature (Awano, et al., 2007).   IF1, 
IF2 and IF3 are protein initiation factors that together with mRNA and fMet-
tRNAfMet bind to the 30S ribosomal subunit during the initiation of bacterial protein 





Figure 1-3 The role of initiation factors during initiation of translation 
 
Figure taken from Antoun, A. et al., (2006).  Diagram to show the binding of fMet-tRNA
fMet 
to 
mRNA programmed 30S subunits equipped with three initiation factors destabilises IF3 binding.  IF3 
dissociates then with the rate kd,3 and subsequently rebinds with rate ka,3.  Alternatively , a 50S subunit 
can dock to an IF3-free 30S preinitiation complex with the rate ka,r . 
 
In E. coli it has been shown that IF1 and IF3 contribute to the preferential 
translation of certain mRNA at low temperature; IF2 is essential for ribosomal 
assembly and translation initiation.  RbfA is the ribosomal binding factor A and is 
associated with 16S rRNA maturation.   It acts as a high copy suppressor of a cold 
sensitive mutation at the 5‟ helix in 16S rRNA and is involved in translation 
initiation (Dammel, 1995).  TF is the trigger factor which has been assigned 
functions in binding to mis-folded proteins and correcting folding or refolding 
damaged proteins at low temperature (Kandor and Goldberg, 1997).        
 
1.5.2.2 Regulation of gene expression during cold shock 
 
The molecular changes that occur following shift to low temperature result 
from changes in the regulation of gene expression.  Despite widespread studies, 
many details regarding the regulation of bacterial gene expression at low temperature 
remain obscure. However a number of mechanisms that underpin the CSR have been 
identified.   
To date a number of cis acting regulatory mechanisms that control changes in 
gene expression at low temperature at the transcriptional level have been identified.  
The massive, transient induction of CspA observed at low temperature (Jones et al., 
1987) led to further investigation into the induction of this protein.  It has been 
shown that the promoter region of cspA plays an important role in the transcriptional 
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activity of this gene during cold shock.  It contains a 10 bp AT rich region directly 
upstream of the -35 element which is directly recognised by the α sub unit of 
polymerase and confers strong promoter activity (Ross et al., 1993).   
It has since been demonstrated that the differential stability of cspA mRNA is 
intrinsically linked to the unusually long 5‟ untranslated region (5‟UTR) and 
regulated at the transcriptional and post transcriptional level.  At 37°C premature 
termination or pausing occurs during transcription maintaining repression of this 
transcript (Bae et al., 1997; Fang, et al., 1999).  At low temperature transcription 
proceeds and the 5‟UTR adds another element of post transcriptional control.  The 
DNA sequence of a number of the most highly expressed CSPs, including CspA, 
CsdA and RbfA have an unusually long 5‟UTR in their mRNA (Fang et al., 1998).  
14 base pairs downstream of the initiation codon is a unique sequence originally 
termed the downstream box (DB) complementary to a region in the stem of 16S 
rRNA that enhances translation initiation (Mitta et al., 1997; Moll et al., 2001).  
These mRNAs are thus intrinsically favoured during translation at low temperature.  
It has also been shown that although cspA mRNA is synthesised at 37°C it is rapidly 
degraded by the activity of RNaseE further imparting post transcriptional control 
(O‟Connell, 2000).  This transcript is dramatically stabilised at 10°C which has been 
shown to be at least partially due to resistance from RNaseE degradation (Hankins et 
al., 2007).   
RNaseE degradation plays an important role in regulating mRNA stability 
and degradation, is closely associated with the RNA degradosome.  There is 
evidence that a modified RNA degradosome is formed at low temperature 
(Prud‟homme-Genereux et al., 2004).  The cold induced RNA helicase CsdA has 
been shown to associate with the RNA degradosome at low temperature and 
although functionally CsdA is able to replace RhlB, a normal component of the 
complex, the RhlB binding site is distinct from that of CsdA.  Although the changes 
in the RNA degradosome at low temperature are not fully elucidated it is possible 
that an additional helicase may be employed to overcome the increase in secondary 
structures that form at low temperature thereby offering a post transcriptional control 
mechanism of mRNA stability and degradation during cold shock.   
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A multiprotein complex between RNaseE, Hfq and SgrS has also been 
identified in E. coli that is distinct from the RNA degradosome.  It has been shown 
that like many sRNAs SrgS requires Hfq for function.  Hfq bound to SrgS protects it 
from RNaseE degradation mediating their interaction with target mRNA.  SgrS 
blocks translation of target mRNA by competitive binding and following 
translational repression the sRNA and target mRNA undergo RNaseE mediated 
degradation (Morita et al., 2005).   
The roles played by sRNAs in the regulation of bacterial genes involved in 
environmental adaptation has previously been uncovered, including roles for sRNA 
regulation of gene expression at low temperature mediated by Hfq.  Regulation by 
sRNAs has been shown to require Hfq, as it stabilises the sRNA thus enhancing 
RNA interactions.  It has been shown previously that low temperature induces 
expression of the general stress response sigma factor RpoS through the activity of 
the sRNA DsrA (Sledjeski et al., 1996).  Association of DsrA and rpoS mRNA is 
optimal when Hfq occupies the primary binding site of DsrA.  DsrA has been shown 
to interact with rpoS mRNA by altering the secondary structure to facilitate efficient 
translation of rpoS mRNA (Repoila et al., 2003).  Low temperature induced 
transcription of dsrA leads to an increase in the expression of RpoS during the CSR.   
A number of trans acting elements implicated in the regulation of gene 
expression during the CSR include the relative levels of the protein initiation factors 
IF1, IF2 and IF3 at low temperature.  The stoichiometry of the three protein initiation 
factors is more than doubled relative to the number of ribosomes as the growth rate is 
dramatically reduced during the acclimation phase.  It has been shown that an 
increase in growth rate is concomitant with an increase in ribosomes and leads to an 
alteration in the ratio of ribosomes to IF3, resulting in depletion of IF3 (Giuliodori et 
al., 2004).  IF3 represses expression of leaderless mRNAs, whereas IF2 stimulates 
expression of these molecules.  The increase in protein initiation factors at low 
temperature has therefore been proposed to selectively stimulate translation of cold 
shock mRNAs at low temperature (Gualerzi, 2003). 
Microarray studies to investigate the transcriptional response of E. coli to a 
downshift in temperature to 15°C reported induction of the known CSPs in addition 
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to a number of genes involved in transport and metabolism of sugars, molecular 
chaperones and flagellar associated genes (Phadtare and Inouye, 2004).  Other 
microarray studies in E. coli to investigate the effect of low temperature on changes 
in gene expression has shown the increased expression of 297 genes at 23°C (~7% of 
the genome) (White-Ziegler et al., 2008).  A number of the induced genes identified 
overlapped with previously identified components of the CSR in other organisms that 
are induced following sudden and dramatic temperature downshift (15°C or below).   
This study in E. coli revealed a number of genes important for viability 
during cold shock including otsA, otsB and cfa (White-Ziegler et al., 2008).  otsA and 
otsB, which are required for the synthesis of trehalose, an osmoprotectant which has 
been shown to increase cell viability at low temperature (Kandror et al., 2002).  cfa 
encodes for a cyclopropane fatty acyl phospholipid synthase which is involved in 
modifications to the membrane phospholipid and may be involved in the reduced 
membrane fluidity observed at low temperature.   
The White-Zielger et al. studies revealed that approximately half of the cold 
induced genes identified are hypothetical or of unknown function indicating that a 
large proportion of the changes in gene expression at low temperature are not yet 
understood but no doubt play an important role in the adaptation to low temperature. 
This study also revealed that 40% of the cold induced genes in E. coli are RpoS 
dependent indicating RpoS plays an important role in the regulation of low 
temperature induced changes in the pattern of gene expression.  However, there 
clearly remain a large number of cold induced genes that are regulated by an 








1.6 The CspA Family 
 
The high level of expression of CspA identified in E. coli following cold 
shock (Jones et al., 1987) lead to the discovery of a widely distributed family of 
small highly conserved proteins, ~7kDa in size, named the CspA family.  Eight 
homologues of CspA have been identified in E. coli named CspB to CspI.  
Subsequently this family of proteins have been identified in many organisms 
including Bacillus subtilis, Listeria monocytogenes, Yersinia enterocolitica and 
Salmonella.  These proteins are highly conserved across bacterial species although 
the number of paralogues identified varies between organisms.   
 
1.6.1 Structural analysis 
 
The structure of E. coli CspA has been characterised by X-ray 
crystallography (Schindelin et al., 1994) and by nuclear magnetic resonance (NMR) 
(Newkirk et al., 1994).  These studies showed CspA to be composed of five anti-
parallel β sheets that make up a β barrel-like structure with a tightly packed 
hydrophobic core and are connected by intervening loop regions that are the main 








Figure 1-4 Solution of NMR structure of CspA in E. coli.   




An RNA binding consensus sequence from the ribonucleoprotein (RNP) 
motif class of proteins, RNP1 and a partial motif of RNP2 have been located on β2 
and β3 strands respectively (Nagai et al., 1990, Schindelin et al., 1994).  Eight 
exposed aromatic amino acid residues were located at the RNP motifs however this 
number varies between paralogues (Yamanaka et al., 1998 and Schindler et al., 
1998).  Through the identification of resonance frequency shifts, direct protein and 
DNA interaction was shown at the RNP sites and the loop region between β3 and β4 
strands, indicative of nucleic acid binding properties (Newkirk et al., 1994).   
The structure of CspB in B. subtilis has been elucidated using X-ray 
crystallography and NMR (Schindelin et al., 1993, Schnuchel et al., 1993).  It forms 
a β barrel-like structure consisting of five anti-parallel β sheets connected by turns 
and loops.  It forms a dimer through six different hydrogen bonds between the β4 
strands of two different CspB molecules. The protein adopts an L shape with the β1-
β3 strands (containing the two RNP motifs) sitting at a 90° angle to the other two β 
strands (β4 and β5).  Although these proteins are highly conserved there are subtle 
but significant differences between species. 
 
1.6.2 Functional analysis 
 
It has been shown that CspA has 43% identity to a conserved sequence found 
in eukaryotic Y-box proteins termed the cold shock domain (CSD) (Wistow et al., 
1990).   The structure of this domain consists of an antiparallel five stranded β-barrel 
that recognises both DNA and RNA.  The Y-box proteins are among the most highly 
conserved of all nucleic acid binding proteins and are essential for the binding of 
single stranded DNA (ssDNA) and RNA (Matsumoto and Wolfe, 1998).  They were 
initially identified through their ability to interact with DNA containing a reverse 
complement sequence of the CSD CCAAT (Wolffe et al., 1992).  Gel retardation 
studies have shown that CspA binds to ssDNA and RNA in vitro (Jiang et al., 1997) 
through the hydrophobic interaction between the exposed aromatic residues of the 
RNP motifs of the CspA protein and the base rings of the ssDNA and RNA (Wang et 
al., 2000).    
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Mutational analysis in B. subtilis has revealed that three surface exposed 
phenylalanine residues (Phe 15, Phe 17 and Phe 27) located within the RNP motif 
binding sites are essential for ssDNA/RNA binding (Schröder et al., 1995).  The 
ssDNA binding abilities of B. subtilis CspB have since been shown to preferentially 
bind oligonucleotides containing the Y-box sequence (ATTGG or CCAAT) 
(Graumann & Marahiel, 1994) and have a high affinity to polypyrimidine sequences 
(poly(dC) and poly(dT) nucleotide stretches (Schröder et al., 1995; Lopez et al., 
1999; Lopez et al., 2001).  This mutation also adversely affects protein stability 
(Schindler et al., 1998) which is also the case for Phe 18, Phe 20 and Phe 31, the 
equivalent residues of E. coli (Hillier et al., 1998). 
Although studies into the structural composition of this protein family have 
provided insight into their functional significance the exact physiological roles of this 
family remain unclear.  The expression profiles of the CspA paralogues in E. coli 
have been studied to further elucidate the functional significance of this protein 
family.  Among the nine homologues in E. coli only four are cold-shock inducible, 
CspA, CspB, CspG and CspI (Goldstein et al., 1990; Lee et al., 1994; Nakashima et 
al., 1996; Wang et al., 1999).  CspC and CspE are expressed at 37°C and slightly 
induced at low temperature.  Expression of CspD is growth phase dependent where 
as induction of CspH has been observed following nutritional up shift.  Little is 
known about CspF and CspH.  However functionally a number of roles have been 
assigned to members of this family  
In E. coli four members of the family CspA, CspB, CspC and CspE have 
been assigned functions as RNA chaperones through their ability to preferentially 
bind ssDNA and RNA in vitro.  CspA binds RNA with low sequence specificity and 
low binding affinity (Jiang et al, 1997).  In contrast CspB, CspC and CspE are able to 
selectively bind RNA and ssDNA.  This RNA chaperoning activity is believed to 
destabilise target mRNA secondary structures that form more readily at low 
temperature and ultimately facilitate their translation at low temperature (Bae et al., 
1997).   
CspA, CspC and CspE in E. coli have been shown to display termination anti- 
termination activity in vitro. The addition of physiological concentrations of 
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recombinant CspA, CspC, or CspE, decreased transcription termination at several 
intrinsic terminators, also decreasing transcription pausing (Jiang et al, 1996; Bae et 
al., 1999).  It has been shown that these proteins function as transcription anti-
terminators at ρ-independent terminator sites and it is believed that this occurs 
through the prevention of the formation of secondary structures in the nascent RNA 
(Bae et al., 2000).   
Over expression of cloned CspC and CspE at 37°C induced transcription of 
the metY-rpsO operon genes nusA, infB, rbfA, and pnp which, in vivo, are located 
downstream of multiple transcription terminators.  The products of the metY-rpsO 
operon, NusA, IF2, RbfA, and PNPase are among the class I and class II CSPs 
previously reported.  This led to the suggestion that cold induction of this operon is 
through transcription anti-termination events mediated by CspA paralogues (Bae et 
al., 2000).   
CspC and CspE were originally identified as multi-copy suppressors of a 
temperature sensitive mutant in E. coli involved in chromosome partitioning 
(Yamanaka et al., 1994; Yamazoe et al., 1999).  CspE has been shown to inhibit 
phage lambda Q-mediated transcriptional anti-termination in vitro (Hanna and Liu, 
1998).  It has also been shown to negatively regulate the expression of CspA by 
increasing the promoter proximal pausing efficiency of RNA polymerase (Bae et al., 
1999).    
Other in vitro studies suggest that CspC and CspE up-regulate OsmY an 
osmotically inducible protein, Dps the DNA protection protein and UspA the 
Universal stress protein (Phadtare and Inouye, 2001).  The expression of OsmY and 
Dps are under the control of the global stress response sigma factor, RpoS, which 
directs promoter binding of RNA polymerase.  The work in this study led to the 
proposal that CspC and CspE are possibly involved in the regulating the expression 
of RpoS and UspA at low temperature.  These two proteins are induced following 
multiple environmental stresses and control the expression of sets of genes required 
in a number of stress responses.     
The function of CspD and CspH are less well understood.  It has been 
suggested that CspD of E. coli binds to single stranded regions of the replication 
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fork, blocking DNA replication (Yamanaka, et al., 2001).  CspH is not expressed 
during stationary phase at 37˚C but is transcribed to a higher rate following 
nutritional up-shift at 37˚C.  In S. typhimurium it has been shown that cspH has an 
active promoter during exponential phase at 37˚C and is expressed at low 
temperatures, albeit lowly (Kim, et al., 2001). 
Studies into the structure, expression and function of this family of proteins 
have provided evidence that they play a significant role in the cell both at 37°C and 
at low temperature.  Although their functional roles at the molecular level and during 
the regulation of gene expression have not been fully elucidated the studies so far 
indicate that they are of significant interest both in bacterial adaptation to low 
temperature and in the regulation of gene expression. 
 
1.7 The CSR of S. typhimurium and the role of CspA 
paralogues 
 
In S. typhimurium six chromosomal cspA paralogues have been identified; 
cspA, cspB, cspC, cspD, cspE and cspH.  Initially the cspB gene was identified in S. 
typhimurium.  A derivative of bacteriophage Mu, Mudlux, which encodes the lux 
operon of Vibrio fischeri required for light production, was randomly transposed into 
the genome, which when within genes and in the correct orientation resulted in 
transcriptional fusions. The random pool of Mudlux gene fusions were incubated at 
low temperature and several low temperature light producing strains were identified.  
One isolate produced light at ~22°C following temperature downshift, subsequently 
the insertion site of the Mudlux fusion was located in a transcript with high 
percentage identity to the E. coli cspA transcript and was termed cspB (Craig et al., 
1998).  Proteomic analyses subsequently lead to the identification of CspA in S. 
typhimurium which shares 100% nucleotide identity to cspA of E. coli (Horton et al., 
2000).  Genome sequencing in LT2 led to the detection of paralogues CspC, CspD, 
CspE and CspH in S. typhimurium.  Table 1.2 shows the percentage similarities and 
identities between the nine E. coli and six S. typhimurium CspA family members. 
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Table 1-2 The percentage identities and similarities between the CspA families of E. coli and S. typhimurium. 
 
% Similarity refers to the percentage of amino acid residues that are identical or chemically related. % Identity refers to the percentage of amino acid residues that are 
absolutely identical.  Cells with a white background depict % identity values. Cells with a yellow background show % similarities.  Values were calculated using the Vector 












  E. coli S. typhimurium 






A 100 78.9 67.1 41.6 67.1 44.3 72.9 47.1 70 100 64.3 65.7 43.4 68.6 48.6 
B 88.7 100 62.0 42.9 64.8 42.3 76.1 46.5 69.0 78.9 66.2 60.6 44.7 63.4 46.5 
C 75.7 67.6 100 42.1 82.6 38.6 65.1 41.4 70 67.1 68.6 98.6 42.7 84.1 42.9 
D 51.9 51.9 53.9 100 43.4 23.4 39.0 24.7 40.3 41.6 44.2 40.8 90.5 43.4 24.7 
E 78.6 73.2 88.4 59.2 100 44.3 65.7 45.7 70.0 67.1 70.0 81.2 42.7 98.6 47.1 
F 57.1 59.2 50.0 35.1 52.9 100 44.3 77.1 45.7 44.3 41.4 37.1 25.0 44.3 77.1 
G 85.7 83.1 72.9 51.9 80.0 60.0 100 47.1 78.6 72.9 80.0 64.3 40.8 65.7 50.0 
H 52.9 54.9 47.1 32.5 51.4 85.7 55.7 100 47.1 47.1 42.9 40.0 26.3 45.7 81.4 











 A 100 88.7 75.7 51.6 78.6 57.1 85.7 52.9 77.1 100 64.3 65.7 43.4 68.6 48.6 
B 80.0 77.5 74.3 50.6 78.6 55.7 90.0 54.3 94.3 80.0 100 67.1 46.1 70.0 45.7 
C 74.3 66.2 98.6 52.6 87.0 48.6 71.4 45.7 71.4 74.3 72.9 100 41.3 82.6 41.4 
D 53.9 53.9 53.3 91.9 58.7 36.8 53.9 34.7 52.6 53.9 52.6 52.0 100 42.7 26.3 
E 80.0 71.8 89.9 57.9 98.6 52.9 78.6 51.4 74.3 80.0 77.1 88.4 57.3 100 47.1 
 H 55.7 56.3 47.1 31.2 51.4 85.7 55.7 87.1 51.4 55.7 54.3 45.7 32.9 51.4 100 
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In S. typhimurium it has been shown that CspA and CspB are highly induced 
following temperature downshift (Craig et al., 1998; Holden, 1999).  Transcriptional 
activity of cspH has only been observed during exponential phase growth and not in 
stationary phase cells and CspH has been shown to be cold shock inducible but with low 
levels of induction observed in S. typhimurium (Kim et al., 2001). Despite the low level 
of CspH expression at low temperature, cspH in S. typhimurium has an unusually short 
5‟ untranslated region (UTR) which results in a low susceptibility to RNase degradation.  
This may suggest a rationale for its stability during cold shock but suggests that 
functionally it is unrelated to the CSR (Yamanaka, et al., 1999).  It is believed that there 
is an element of functional overlap between proteins in this family and that at least some 
members may be functionally redundant.   
Previously in the lab, mutational analysis has been carried out and a suite of cspA 
paralogue deletion strains have been constructed (Hutchinson, 2005).  These have 
enabled the functional importance of this family of proteins to low temperature 
adaptation to be studied in more detail.  It has been demonstrated in S. typhimurium that 
the cspA paralogues exhibit a hierarchy of importance in regards to cold adaptation.  The 
csp null strain lacks all six cspA paralogues and is unable to adapt to low temperature.  
cspA or cspE compensate for the growth defect at 10°C indicating they play a significant 
role in the adaptation to low temperature.  cspB and cspC restore intermediate growth at 
low temperature however cspD and cspH have no effect on growth rate or adaptation 
following cold shock (Hutchinson, 2005).  See Figure 1.5 for growth rate comparison 
between S. typhimurium SL1344 at 37°C and 10°C and the csp null strain at 10°C.  This 
shows that following cold shock growth rate of an exponential phase culture is 
transiently reduced, however is subsequently restored, albeit at a lower rate.  By 
comparison the csp null strain is not able to adapt to low temperature and no growth is 
observed.  





















































This demonstrates the significance of members of this family of proteins in the 
adaptation of S. typhimurium to low temperature and provides a tool to further 
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1.8 Aims of this study 
 
This study aims to further our understanding of the CSR in S. typhimurium.  To 
date it has been well documented that a limited number of CSPs are induced transiently 
following temperature downshift and the synthesis of normal cellular proteins are 
reduced.  However the changes in the pattern of gene expression that take place 
following cold shock are poorly characterised at present and further analysis into the 
transcriptional changes at low temperature may provide further insight into the 
mechanisms that underlie the molecular changes. 
This study aims to increase our understanding of the effect of the CspA family in 
regulating cold induced genes at low temperature in S. typhimurium.  Analysis to 
identify CspA dependent cold induced targets to further our understanding of the role of 
CspA paralogues in cold induced termination anti termination events will be undertaken.  
Furthermore given the functional roles already attributed to this family as RNA 
chaperones and their proven RNA binding ability in vitro in E. coli this study aims to 
investigate the RNA binding ability of the CspA family in S. typhimurium. 
Using the library of Mudlux transcriptional fusions previously constructed 
(Francis and Gallagher, 1993) novel cold induced targets aim to be identified and 
analysis of changes in gene expression at low temperature investigated.  Using the csp 
null strain, the effect that the CspA paralogues have on the level of cold induction of 
novel targets will be investigated. 
In a previous study microarray analysis was carried out in S. typhimurium 
following cold shock (Hutchinson, PhD 2005).  This data indicates that >8% of genes 
were induced and ~3% were repressed after two hours following temperature downshift.  
During this current study, analysis of changes in gene expression and transcriptional 
profile of a representative sample of this data, aims to validate the detection of the CSR 
in the microarray analysis and thus provide further insight into the transcriptional 
changes that occur at low temperature.  Furthermore the role of the CspA paralogues in 
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the cold induced transcriptional changes of known cold induced targets aims to be 
investigated. 
Furthermore, given the functional roles already attributed to this family as RNA 
chaperones in E. coli and the in vitro evidence that they are RNA binding proteins, this 
study aims to determine the RNA binding ability of CspA paralogues in S. typhimurium.  
The specific in vivo RNA targets of this family of proteins at 37°C and 10°C may 
provide insight into the role of the CspA paralogues at both optimal and low 
temperature.   























Primers were designed using Vector NTI and purchased from Eurogentec Ltd. 
(Southampton, UK) at a concentration of 100 μM in dH2O and stored at -20°C prior to 
use.  The primers used in this thesis are listed in Table 2.1. 
 
2.1.2 Bacterial strains  
 
Bacterial strains used during this study, their genotype, growth temperature and 
source are listed in Table 2.2.  Bacterial strains were stored at -80
o










Solutions were prepared, filter sterilised and stored at -20°C prior to use. 
Antibiotics were diluted into medium immediately prior to broth inoculation or pouring 
of solid medium. The antibiotics used for in this study were purchased from Sigma-
Aldrich Ltd. (Gillingham, UK) or Melford Laboratories Ltd. (Ipswich, UK) and listed in 
Table 2.4. 
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Description Primer  Sequence Annealing 
temp (°C) 
qRTPCR 
cpxP Forward 5‟-CGAACATCAGCGTCAGCAG-3‟ 
54 
Reverse 5‟-CATCTGGTTACGCACGCG-3‟    
SLP1_0084 Forward 5‟-GGCGATAAAGTTGAGCTGTCG-3‟ 
54 
Reverse 5‟-GCGGATCGGCTTGCAG-3‟    
tRNA
pro2





Forward 5‟-GGCAACCCGATAGCAACG-3‟   
54 
Reverse 5‟-CCGGCTACTTGCTTCGTG-3‟   
SLP2_0019 Forward 5‟-GATGGCCCTGCTCGTGC-3‟    
54 
Reverse 5‟-GAACTTATCCAGGCACTCATCG-3‟   
SLP2_0020 Forward 5‟-GATGGCCCTGCTCGTGC-3‟    
54 
Reverse 5‟-GAACTTATCCAGGCACTCATCG-3‟   
qRTPCR/ NA 
cspA Forward 5‟-GTTCAACGCTGATAAAGGCTTCGG-3‟ 
60 
Reverse 5‟-CAGGCTGGTTACGTTGCCAGC-3‟ 
nusA Forward 5‟-CACCACGAGCCGCCAGTTTG-3‟ 
60 
Reverse 5‟-GACCGTTGATGACTTGCAGGC-3‟ 
infB Forward 5‟-CGTCGTTGTAGTTCTTCACGCCG-3‟ 
62 
Reverse 5‟-CCGAAACCGACGCGACCCTGGC-3‟ 
rbfA Forward 5‟-GTCCTCCTTGCTGTCGTCCGGG-3‟ 
62 
Reverse 5‟-GGTCGCCCTCAGCGCGTAG-3‟ 
pnp Forward 5‟-CCACCATCAGCACAGCCGC-3‟ 
60 
Reverse 5‟-CCGGGCAGCTTCTTCCGTCG-3‟ 
csdA Forward 5‟-GCCACTGAAGCTACGACCACC-3‟ 
60 
Reverse 5‟-GCCGATGCGTCCTAAGCGTG-3‟ 
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cpxP Forward 5‟GCAGAAATTACGTCATCAGGCG-3‟ 59 
SPL1_0084 Forward 5‟GCTGAAGCAAGTTGTTTAGCACC-3‟ 59 
tRNA
pro2
 Forward 5‟GTCTGCTGCTGCAAGTGCTAAC-3‟ 59 
Spf Forward 5‟GTATTGATGTGCCGTTGCTG-3‟ 54 
SL3617/3618 Forward 5‟GCAGGCTGACTATTATTTCGCC-3‟ 59 
SPL2_0019 Forward 5‟CGGCTGTCAATTCCAGCAC-3‟ 59 
cspA Forward 5‟CATAACGCCGAAAGGCACAC-3‟ 60 
Phage Mu Reverse 5‟CATCTGTTTCATTTGAAGCGCG-3‟    60 
cspA Forward 5‟AAGTTGCATCGCCCGCCATTAC-3‟ 53 
cspE Forward 5‟AACGTTATTTCGCCATGCG-3‟ 53 
Cloning 
TAP Forward  5‟GTGTGGAATTGTGAGCGGATAAC-3‟ N/A 
 Reverse 5‟GGCCGCTTGTTGTTCCTTACC-3‟ N/A 
HTP Forward  5‟ATGGAGCACCATCACCATCAC-3‟ N/A 
 Reverse 5‟CGGCCGCTTGTTGTTCCTTAC-3‟ N/A 
CspA(pTOF24) Forward  5‟AAGTTGCATCGCCCGCCATTAC-3‟ N/A 
 Reverse 5‟GGTTCTTATGGCTCTTGTATCTATCAG-3‟ N/A 
CspE(pTOF24) Forward  5‟AACGTTATTTCGCCATGCG-3‟ N/A 
 Reverse 5‟CTTATGGCTCTTGTATCTATCAG-3‟ N/A 
CspEpBAD18 Forward  5‟CTCTCTACTGTTTCTCCATACCCG-3‟ N/A 
 Reverse 5‟GCTTCTGCGTTCTGATTTAATCTG-3‟ N/A 
M13 Forward 5‟GTAAAACGACGGCCAG-3‟ N/A 
 Reverse 5‟CAGGAAACAGCTATGAC-3‟ N/A 
Solexa 5‟ linker Forward 5‟GTTCAGAGCACAGCCGACGAC-3‟ N/A 
miRCat-33 3‟ 
cloning linker 
Reverse 5‟ATGGAATTCTCGGGTGCCAAGG-3‟ N/A 
miRCat-33 PCR (RT) 5‟CCTTGGCACCCGAGAATT-3‟ N/A 
RL5 5‟ linker Forward 5‟AGGGAGGACGAGGCGG-3‟ N/A 
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resistance Reference/ Source 
Salmonella enterica sv. Typhimurium 
SL1344 his
-
;virulent mouse pathogen 
37 N/A 
Hoiseth and Stocker 
1981 
MPG558 
csp null mutant      
ΔcspA, ΔcspB, ΔcspC, ΔcspD, 
ΔcspE::Km, ΔcspH     
37 Kanamycin 
Hutchinson 2005 
A monogene    
ΔcspB, ΔcspC, ΔcspD, ΔcspE::Km, 
ΔcspH                   
37 N/A 
Hutchinson 2005 
E monogene ΔcspA, ΔcspB, ΔcspC, ΔcspD, ΔcspH                          37 N/A Hutchinson 2005 
MPG 357, MPG 
362, MPG 369, 
MPG 365, MPG 
366  





Chloramphenicol Craig et al. (1998) 
MPG 363, MPG 
368 




30 Chloramphenicol Craig et al. (1998) 
MPG358 tRNA
pro2




30 Chloramphenicol Craig et al. (1998) 






Chloramphenicol Craig et al. (1998) 
MPG360 spf::Mudlux derivative of SL1344, Km
R
 Chloramphenicol Craig et al. (1998) 
MPG361 cspB::Mudlux derivative of SL1344, Km
R
 30 Chloramphenicol Craig et al. (1998) 




30 Chloramphenicol Craig et al. (1998) 
MPG370 cpxP::Mudlux derivative of SL1344, Km
R
 30 Chloramphenicol Craig et al. (1998) 















argF)U169 deoR (F80ΔlacD(lacZ)M15)  
37 
N/A 
(Sambrook et al. 
1989) 
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Table 2-3 Plasmids used in this study 
 
Table 2-4 Antibiotics used in this study 
 
Antibiotic Solvent Stock Concentration (mg/ml) Concentration used 
(µg/ml) 
Carbenicillin (Carb) or 
Ampicillin (Amp) 
dH2O 50 50 
Chloramphenicol (Cm) Ethanol 34 34 







Plasmids Genotypes & Key Characteristics Reference/Source 
pBAD18 
pKK223-3 derivative; pBAD arabinose inducible 
promoter 
P. Guzman LM et al. 
1995 
pTOF24  
pKO3 derivative which has the aph gene (Km
R
 ) 
sub-cloned from pUC4K into a HincII site; 
temperature sensitive origin of replication, repA 






Merlin et al 2002 
pKW01 
pTOF24 derivative containing HTP tagged cspA 






pTOF24 derivative containing HTP tagged cspE 





pBAD18 derivative, containing HTP tagged cspE 






pBAD18 derivative, containing TAP tagged cspE 






Lac promoter, M13 forward priming site and M13 





TOPO TA Cloning Kit 
(Invitrogen) 
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2.1.5 Growth media and solutions components 
 
All solutions were made with dH2O and where stated sterilized by autoclaving at 




Luria Bertani (LB) Broth: Difco Bacto tryptone (10 g), Difco Bacto yeast 
extract (5 g) and NaCl (10 g) was dissolved in 1L of dH2O. The pH was adjusted to 7.2 
with 1M NaOH, and the media was then autoclaved. 
 
SOC Medium: Difco Bacto tryptone (20 g), Difco yeast extract (5 g), NaCl (10 
mM), KCl (2.5 mM), MgCl2 (10 mM), MgSO4 (10 mM) and glucose (20 mM) were 







10XTBE buffer: 1 litre contained 0.9 M Tris base, 0.9 M boric acid and 0.02 M 
EDTA (disodium salt), dissolved in dH2O to give a final pH of 8.0. 
 
Tris:HCl: 1 litre contained Tris base (tris [hydroxymethyl] aminomethane) 
dissolved to the desired molarity in dH2O and the pH was adjusted to the required value 
by addition of concentrated HCl. 
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Ethidium bromide: Ethidium bromide was dissolved in dH2O to a stock 
concentration of 10mg/ml
 
and stored at room temperature in the dark. 
 
Tris:HCl: 1 litre contained Tris base (tris[hydroxymethyl] aminomethane) 
dissolved to the desired molarity in dH20 to give a final pH of 8.0. 
 
1 x TE buffer: Tris-HCl (1M, pH 8.0) and EDTA (0.1mM) were dissolved in 1L 
of dH2O and filter sterilised. 
  
6 x DNA loading buffer: This consisted of 40% (w/v) sucrose solution (in 




2X SDS sample buffer: This consisted of 125mM Tris containing Sodium 
dodecyl sulphate (SDS) 4% (w/v), 40% (v/v) glycerol, 10% (v/v) β-mercaptoethanol, 
and 0.2% (w/v) bromophenol blue.  
 
Stacking gel: 1ml of 30% (w/v) bis-acrylamide and 0.5ml of 0.5M Tris-HCl pH 
6.8 was added to 1.25ml of dH2O. 
 
Separating gel: 2.5ml of 30% (w/v) bis-acrylamide and 1.5ml 1.5M Tris-HCl 
pH 8.8 was added to 2ml of dH2O. 
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5X Electrode Running Buffer: 45g Tris, 216g Glycine and 15g SDS was 
dissolved in 3L of dH2O.  
 
Colloidal Coomassie: 1.25g of Coomassie G250 Brilliant Blue was dissolved in 
a solution composed of 450ml of dH2O, 450ml of methanol and 100ml of glacial acetic 
acid. 
 
Colloidal Coomassie De-stain: 450ml of dH2O was mixed with 450ml methanol 
and 100ml of glacial acetic acid. 
 
Immunoblot transfer buffer: 25mM Tris-HCl (pH8.0), 200mM glycine and 
20% (v/v) methanol were dissolved in dH2O. 
 
Primary antibody buffer: 1% (w/v) marvel milk powder was dissolved in 1X 
Phosphate Buffer Solution (PBS) 0.05% Tween 20. 
 
Blocking solution: 5% (w/v) marvel milk powder was dissolved in 0.25% (v/v) 
Tween 20 and 1XPBS. 
 




DEPC treated water: For 1 litre, 1 ml of DEPC was added to a litre of dH2O, 
which was stored overnight at 37°C and autoclaved. 
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1M Sodium acetate: 300 ml of 3 M sodium acetate (pH 5.2) was added to 600 
ml of dH2O and 0.9 ml of DEPC. This was incubated at 37°C overnight and then 
autoclaved. 
 
3M Sodium acetate, 1mM EDTA: 1 μl of 0.5 M EDTA and 0.5 ml DEPC was 
added to 0.5L of 3M sodium acetate (pH 5.2) and incubated at 37°C overnight and then 
autoclaved. 
 
1M Tris (pH 8.3): 60.5 g of Tris was dissolved in 0.4L of DEPC treated water 
and adjusted to pH 8.3 with 1 M HCl and made up to 0.5L with DEPC treated water.   
 
STOP solution: 5% (v/v) phenol (Sigma RNA grade) was added to ethanol. 
 
Lysozyme solution: Was made up fresh when needed to a concentration of 0.5 
mg ml
-1
 using TE buffer (pH 8.0). 
 
Phenol-Chloroform: Equal volumes of phenol (Sigma RNA grade- not 
buffered) and chloroform were mixed together. 
 
Phenol ethanol extraction mix: 0.1% SDS, 1% phenol and 19% ethanol were 
dissolved in dH2O. 
 
10X MOPS solution: This consisted of 0.2M MOPS, 0.05M Na-acetate-3 and 
0.01M EDTA dissolved in dH2O.  The solution was adjusted to pH 7.0 using 2M NaOH. 
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Sample loading buffer: This consisted of 1XMOPS, 0.5% (v/v) formamide, 
18.5% (v/v) formaldehyde, 4% (w/v) Ficoll 400 and 0.25% bromophenol blue dissolved 
in dH2O.  
 
20X SSC: 3M NaCl and 0.3M NaCitrate were dissolved in dH2O. 
 
100X Denhardts solution: 2% (w/v) Ficoll 400, 2% (w/v) polyvinylpyrrolidone 
(MW 360 kDa), 2% BSA (Fraction V; Invitrogen) were dissolved in dH2O and the 
solution was filter sterilized. 
 
Prehybridisation solution: This contained 4XSSC, 50% (v/v) formamide, 5X 
Denhardts, 1% (w/v) SDS and 1% (w/v) 10mg/ml DNA (Salmon sperm). 
 
Hybridisation solution: This contained 4XSSC, 5X Denhardts, 50% (v/v) 
Formamide, 1% (w/v) SDS and 5% (w/v) dextransulfate. 
 
Stripping solution: 5mM Tris-HCl (pH 8.0), 2mM EDTA and 0.4% (w/v) SDS 
were added to dH2O. 
 
Denaturing running buffer: 1XMOPS and 0.2M formaldehyde were added to 
dH2O. 
 
TMN150: This contained 50 mM Tris-HCl (pH 7.8), 1.5 mM MgCl2, 150 mM, 
NaCl, 0.1% (v/v) Nonidet P-40, and 5 mM β-mercaptoethanol. 
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TMN1000: This contained 50 mM Tris-HCl (pH 7.8), 1.5 mM MgCl2, 150 mM, 
NaCl, 0.1% Nonidet P-40, and 5 mM  β-mercaptoethanol. 
 
Wash buffer I: This contained 6 M guanidine-HCl, 50 mM, Tris-HCl (pH 7.8), 
300 mM NaCl, 0.1% (v/v) Nonidet P-40, 10 mM imidazole, and 5 mM-mercaptoethanol. 
 
Wash buffer II: This contained 50 mM Tris-HCl (pH 7.8), 50 mM NaCl, 0.1% 
(v/v) Nonidet P-40, 10mMimidazole, 5 mM β-mercaptoethanol, 1% (w/v) SDS and 
5mM EDTA. 
 
1xPNK: This contained 50 mM Tris-HCl (pH 7.8), 50 mM NaCl, 0.1% (v/v) 
Nonidet P-40, 10mM imidazole, and 5 mM β-mercaptoethanol. 
 
5xPNK: This contained 250mM Tris-HCl (pH 7.8), 250 mM NaCl, 0.5% (v/v) 
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2.2 Methods 
 
2.2.1 Bacterial growth conditions 
 
Bacterial cells were stored long term at -80°C in 10% glycerol.  Cells were 
recovered by streaking on LB agar containing antibiotic if appropriate and incubating 
statically overnight (o/n) at the specified temperature.  Cultures were grown from a 
single colony inoculated in 5 ml of LB with the appropriate antibiotic and incubated o/n 
shaking at 200 rpm at the specified temperature.  See Table 2.2 for specific; antibiotic, 
and incubation temperature for each strain. 
Cultures were then grown to exponential phase (OD600~0.3) by a 1 in 100 
dilution of an o/n culture in LB with appropriate antibiotics at the specified temperature, 
shaking at 200 rpm (see Table 2.2).  Growth was measured using a spectrophotometer 
(Hitachi U-2000).  Cold shock samples were incubated at 10
o
C for two hours, shaking at 
200 rpm 
 
2.2.2 Nucleic Acid techniques:  
 
2.2.2.1 Polymerase chain reaction (PCR) 
 
The polymerase chain reaction (PCR) was used for the amplification of DNA 
fragments.  Primers were designed to amplify specific regions of interest (see Table 2.1).  
All PCR reactions were carried out in 50 l volumes containing: 
 
5 l 5X Phusion HF buffer (NEB) 
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1 l 10mM dNTPs (containing 200µM of each) (NEB) 
0.5 µM forward primer  
0.5 µM reverse primer  
1 l template DNA 
1.5 µl DMSO (NEB) 
0.5 l Phusion DNA polymerase (NEB)  
The reaction mix was made up to 50 l with nuclease free water  
 
Reactions were carried out in the Techne Progene thermal cycler using a 
standard three phase program: 
  
1. Initial denaturation at 98°C for 30 seconds  
2. Followed by 30 cycles (Step a-c) 
a. Denaturation at 98°C for 10 seconds 
b. Annealing at the primer specific temperature (see Table 2.1) for 20 seconds 
c. Elongation at 72°C for 15 seconds/1 kb 
3. Final extension was carried out at 72°C for 10 minutes. 
 
PCR products were refrigerated for short term storage and kept at -20°C for long 
term storage. 
 
2.2.2.2 Genomic or plasmid DNA extraction 
 
The extraction of genomic or plasmid DNA was carried out using stationary 
phase cultures grown o/n at the appropriate temperature with shaking at 200 rpm.  For 
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high copy number plasmids 5 ml of culture was prepared and plasmid extraction carried 
out using the Qiagen mini prep kit following the manufacturer‟s instructions.  For low 
copy number plasmids 500 ml of culture was prepared and extraction carried out using 
the Qiagen midi prep kit, according to the manufacturer‟s instructions following the 
manufacturer‟s instructions.  For extraction of genomic DNA the Wizard genomic prep 
columns were used according to manufacturer‟s instructions. 
 
2.2.2.3 DNA agarose gel electrophoresis: 
 
Agarose gel electrophoresis was used to resolve DNA from PCR amplification, 
plasmid DNA extraction and following restriction enzyme digestion.  1% or 2% gels 
were made using agarose (GenSieve LE agarose, Flowgen) dissolved in 1XTBE.  The 
agarose gel solution was boiled using a microwave at full power for two minutes.  The 
solution was allowed to cool and 5 l of EtBr solution was added. The gel solution was 
poured into a pre-prepared horizontal DNA gel tray (Anachem), 110mm x 150mm, and 
allowed to set at room temperature.  The gel was placed in an electrophoresis chamber 
(Pharmacia) and 1XTBE buffer was added to the chamber until the gel was covered. 
For loading, 5 l of PCR product was resuspended in 2 l of 2XDNA loading 
buffer.  Samples were then loaded into the gel lanes and gel electrophoresis was carried 
out at 150V for 1 hour. 
A pre digested DNA ladder (New England Biolabs) was also loaded to enable the 
size of the DNA fragments to be estimated.  The DNA markers used varied according to 
the expected size of the DNA fragment, 50bp, 100bp, 500bp markers were used.  Gels 
were visualised using under UV light (λ=313 nm) and photographed using an Epi Chemi 
II Darkroom (UVP laboratory products). 
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2.2.2.4 PCR purification: 
 
PCR products were purified using a Qiaquick PCR purification kit by 
microfugation (Qiagen) as per the manufacturer‟s instructions.  Purified PCR products 
were resuspended in 30 l of dH2O.  
 
2.2.2.5 Gel Extraction: 
 
Following agarose electrophoresis if PCR products contained multiple DNA 
fragments extraction of the DNA fragment of interest was carried out using the Qiaquick 
DNA gel extraction kit (Qiagen) as per the manufacturer‟s instructions.  DNA from gel 
extractions were resuspended in 30 l of dH2O. 
 
2.2.2.6 Measurement of DNA concentration 
 
The concentration of DNA was measured using a Nanodrop 1000 
spectrophotometer (Thermo Scientific). 1µl of nuclease free water was measured as a 
blank and the concentration and quality of 1µl of each DNA sample was quantified.  
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2.2.2.7 Restriction digestion of DNA  
 
Restriction digestions were carried out in 10 l reaction volumes.  The reaction 
mix consisted of: 
 
1 g of DNA,  
1 l of appropriate 10X buffer 
20 Units of restriction enzyme  
Made up to a final volume of 10 µl 
 
Reactions were incubated for the specified time and temperature which are 
outlined in Table 2.5 for specific enzymes along with compatible buffers.  Following 




Dephosphorylation of the 5‟end of digested vectors was carried out using 
Antarctic Phosphatase enzyme (Roche).  Reaction were carried out in 20 µl volumes 
containing 0.2-10µg DNA, 1X alkaline Phosphatase buffer (Roche), 1 Unit of SAP 
enzyme (Roche) and incubated for 1 hour at 37°C.  Reaction mixes were then PCR 
purified using the Qiaquick PCR purification kit by microcentrifugation (Qiagen) to stop 
the dephosphorylation reaction and remove the alkaline Phosphatase buffer. 
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2.2.2.9 Ligation 
 
Ligations were carried out in 10 l total volumes: 
 
1 l of T4 DNA ligase (Roche) [5U/ l  
1 l of 10X T4 DNA ligase buffer  
150 ng of vector 
50 ng of insert 
Made up to 10 l with dH2O 




DNA sequencing reactions were carried out by the ICMB sequencing service, 
Edinburgh in 10µl volumes using a BIGDYE v3.1 sequencing kit (Applied Biosystems).  
500 ng of purified DNA and 1mM of the sequencing primer were supplied.  The 
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2.2.2.11 Transformation 
 
Preparation of electrocompetent cells 
 
1L of LB was inoculated with 10 mls of an overnight stationary phase culture (a 
1 in 100 dilution), appropriate antibiotic if applicable and grown to an OD600 of 0.8 at 
37°C shaking at 200 rpm.  Cultures were buried in ice for 30 minutes and harvested by 
centrifugation at 4000 rpm at 4°C using a pre-chilled Beckman JA-14 rotor.  Cells were 
then gently resuspended and washed in sterile ice cold 10% glycerol in the same volume 
as the original culture.  Cells were washed a further three times.  Following the final 
centrifugation step cells were resuspended in 5 ml of 10% glycerol and 50 l aliquots 
were snap frozen in dry ice and ethanol and stored at -80°C. 
 
Transformation by electroporation 
 
Cuvettes were chilled on ice for 30 minutes.  Electrocompetent cells were thawed 
on ice.  1 l of DNA was pipetted into the electrocompetent cells and transferred to the 
ice cold cuvette.  Cells were then electroporated in a Gene Pulser (Bio-Rad) using the 
following settings: 2.5kV, 200Ω and 25 E.  After pulsing the cells were immediately 
resuspended in 950 l of SOC medium and incubated at 37°C shaking at 200 rpm for 1 
hour.  Cells were then harvested by centrifugation, resuspended in 200 l of SOC and 
spread onto LB agar plates containing the appropriate antibiotic for selection.  A no 
vector control and a vector only control were carried out alongside each experimental 
sample.   
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Preparation of chemically competent cells 
 
100 mls of LB was inoculated with 1ml of an overnight stationary phase culture 
(a 1 in 100 dilution) and grown to OD600 ~0.3.  Cells were washed three times in sterile 
ice cold 0.1M CaCl2 and incubated at 4°C overnight to concentrate cells and increase 
their transformation efficiency. 
 
Transformation of chemically competent cells 
 
2 l ng  of DNA was incubated with 100 l of chemically competent 
cells on ice for 15 minutes.  Cells were then incubated at 37°C for 2 minutes and 
subsequently chilled for a further 15 minutes.  100 l of LB was added and cells were 
allowed to recover by incubation at 37°C shaking at 200 rpm for 1 hour.  Cells were 
harvested by centrifugation, resuspended in 200 l of LB and spread onto LB agar plates 
containing the appropriate antibiotic for selection.  A no vector control and a vector only 
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2.2.3 Gene Expression Analysis: 
 
2.2.3.1 RNA techniques 
 
Ribonuclease free environment 
 
All RNA analysis was carried out in a ribonuclease free environment; all 
glassware was baked at 200°C over night, other apparatus was treated with RNase ZAP 
(Sigma) and all solutions were made up in di-ethyl-pyrocarbonate (DEPC) treated H2O, 




Bacterial cultures were grown as described in section 2.1.  50 mls of LB was 
inoculated with 0.5 mls if an overnight stationary phase culture (a 1 in 100 dilution) and 
grown to exponential phase (OD600 ~0.3).  For analysis of cold shock RNA samples were 
cold shocked as described in section 2.1.  5 ml aliquots were harvested by centrifugation 
at 8 000g for 10 minutes at 10˚C.  The supernatant was discarded and cell pellets were 
resuspended in 1 ml of phenol-ethanol stabilization mixture (Sato, 1995), incubated on 
ice for 30 minutes and stored at -70°C. 
Lysozyme was added at a final concentration of 0.04 mg.ml
-1
 to cells 
resuspended in 1 ml phenol-ethanol stabilization mixture, and the sample was incubated 
at room temperature for 5 minutes.  RNA extraction was carried out using the Promega 
SV Total RNA Isolation System according to the manufacturer‟s instructions and RNA 
was stored at -70°C.  
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Measurement of RNA concentration 
 
The concentration of RNA was measured using a Nanodrop 1000 
spectrophotometer (Thermo Scientific). 1µl of nuclease free water was measured as a 
blank and the concentration and quality of 1µl of each RNA sample was quantified. The 
OD at 260nm is used to determine the RNA concentration.  The ratio of the absorbance 
at 260 and 280nm is used to assess the RNA purity.  
 
Denaturing gel electrophoresis 
 
The quality and quantity of RNA was assessed by denaturing gel electrophoresis.  
The RNA gel tank was pre treated overnight with 10% NaOH in DEPC treated H2O.  
The agarose gel solution was made up of 1% agarose, 10% 1XMOPS and made up to 
100 ml with DEPC treated water.  This solution was microwaved for 2 minutes until 
completely dissolved and allowed to cool.  Subsequently 1.8 ml of 37% formaldehyde 
and 1 l of 10 mg.ml
-1 
EtBr solution was added.  This was poured into the gel tray 
(110mm x140mm) and allowed to set for 30 minutes.  The gel was placed in the 
electrophoresis chamber (Pharmacia) and denaturing running buffer was added.  1XTBE 
buffer was added to the chamber until the gel was covered. 
For loading 5 g of RNA was resuspended in 2 l of RNA sample loading 
buffer.  Samples were then loaded into the gel lanes and gel electrophoresis was carried 
out at 100V for 2 hour.  A pre digested RNA ladder (New England Biolabs) was also 
loaded to enable the size of the RNA fragments to be determined.  Gels were visualised 
using under UV light (300-360 nm) and photographed using an Epi Chemi II Darkroom 
camera (UVP laboratory). 
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Northern Analysis 
 
Separation of RNA & transfer to membrane 
 
RNA was quantified as previously described and 10 µg of RNA from each 
sample was separated by electrophoresis.  Depending on the size of the transcript, a 1% 
(>1kb) or 2% (<1kb) agarose gel was prepared and total RNA was separated by agarose 
electrophoresis (Maniatis et al, 1987).  The gel (110mm x140mm) was run at 100V for 4 
hours unless otherwise stated and rinsed in H2Odepc for 10  minutes followed by 20 
minutes submersion in 100 mM NaOH, and then soaked in 10X SSC for 10 minutes. 
RNA was transferred from the gel to Amersham XL Hybond membrane using 
downward capillary transfer (Chomczynski, 1992) (see Figure 7), using 10X SSC as the 
transfer buffer and Whatman 3MM paper chromatography paper as the buffer wicks and 
the bridge.  Following 4 and 8 hour transfer for 1% and 2% gels respectively the RNA 
was auto-cross linked to the membrane using a Stratagene UV cross-linker at 254 nm. 
 
 
Figure 2-1 Downward capillary transfer of RNA from agarose gel to nitrocellulose 
membrane.   
Image taken from Ambion Technical Bulletin #179 entitled Practical tips for optimal Northern analysis, 
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DNA probe synthesis & radioactive labelling  
 
DNA probes, listed in Table 2.1, were synthesised using a standard three step 
polymerase chain reaction (PCR) see section 2.2.2.1. As described by Saiki et al., 
(1988), 1 µl of 100 mM forward and backward primers were used in reactions.  The 
specific annealing temperature for each pair of primers is described in Table 2.1.  The 
only deviation in method was that reactions contained 1 μl of 100 mM of each primer.  
PCR products were separated on a 1.5% denaturing agarose gel as described previously 
(Sambrook and Russel, 2001). 
25 µg template DNA was denatured by heating at 95°C for 10 minutes and 
chilling quickly on ice.  This was then mixed with 4 µl High Prime Mix (random primer 
mixture, Klenow polymerase), 3 µl dNTP mix (dATP, dGTP, dTTP) and 5 µl of  
50µCi[α
32
P]dCTP (3000Ci/mM) and incubated at 37°C for 30 minutes (Roche High 
Prime DNA Labelling Kit), according to manufacturers instructions.  The reaction was 
stopped by adding 2 µl 0.2M EDTA prior to incubation at 65°C for 10 minutes.  
Unincorporated nucleotides were removed using the GE Healthcare G50 microspin 




Northern hybridisation was carried out essentially as described (Maniatis et al., 
1989), with deviations from the method outlined below.  The membrane was washed for 
20 minutes at 42ºC in 2X SSC.  This was repeated using 1X SSC and 0.5X SSC.  
Hybridisation was detected by phosphoimage analysis.  Membranes were wrapped in 
Saran wrap and exposed to an Amersham storage phosphor-screen.  The screen was 
stored at -80 ºC for between 1 and 72 hours and imaged on an Amersham Storm 
phosphoimager.    
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Stripping membrane 
 
To dissociate the radioactive probe from the RNA the membrane was washed in 
stripping solution at 80°C for three hours (or until no radioactive signal was detectable 
on exposure to a Storage Phosphor screen for 72 hours at -80°C). 
 
2.2.3.2 The quantative reverse transcriptase polymerase chain 
reaction (qRTPCR) 
 
Total cellular RNA was extracted from exponential phase cells using the 




 strand cDNA synthesis 
 
RNA was quantified using a Nanodrop as described previously and first strand 
cDNA was synthesised from 1.5 µg of total RNA using the SuperScript III First-Strand 
Synthesis System (Invitrogen), according to the manufacturer‟s instructions.  5µg of 
total RNA was mixed with 1 µl 50µM oligo(dT)20, 1µl 10mM dNTP mix and made up 
to a final volume of 10 µl with DEPC treated water.  This was incubated at 65°C for 5 
minutes and immediately transferred to ice for 1 minute.  2 µl of 10X RT buffer, 4µl of 
25mM MgCl2, 2 µl of 0.1M DTT, 1 µl RNaseOUT (40U/µl) and 1 µl of SuperScript III 
RT (200U/µl) was prepared and added to the RNA primer mixture, mixed gently and 
collected by centrifugation.  This was incubated at 50°C for 50 minutes and the reaction 
terminated at 85°C for 5 minutes and immediately chilled on ice.  Following brief 
centrifugation 1 µl of RNase H was added and incubated for a further 20 minutes at 
37°C. 
           70 
Serial dilution analysis 
 
Serial dilution curves were constructed for template cDNA to determine 





template cDNA synthesised in reverse transcription reactions were prepared using dH2O 
and fluorescent analysis carried out for each primer pair used in BioRad iCycler using 
the qPCR programme outlined below.  See Figure 2.2 for typical serial dilution curve 




Figure 2-2 Typical serial dilution curve analysis 
 
Example graph to show the relative fluorescence over time for 10 fold serial dilutions of SL1344 template 




Each reaction was carried out in triplicate using a Biorad iCycler using the 
Invitrogen SYBR GreenER qPCR kit according to the manufacturer‟s instructions.  
Master mixes were prepared to reduce pipetting error.  Individual reaction mixes were 
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carried in 20 µl total volumes and contained 10 µl SYBR GreenER qPCR SuperMix for 
iCycler, 0.5 µl 10mM forward primer, 0.5 µl 10mM reverse primer and 2 µl cDNA from 
1 µg total RNA at a 1 in 100 dilution and 7 µl of DEPC treated water.   
 
The qPCR programme consisted of: 
 
1. 50°C for 2 minutes  
2. 95°C for 8 minutes 
3. Followed by 40 cycles (Steps a & b) 
a. 95°C for 15 seconds; 
b. 60°C for 60 seconds  
 
Immediately followed by melting curve analysis which consisted of: 
 
1.  95°C for 1 minute 
2. 55°C for 1 minute 
3. Followed by 80 cycles of: 
 55°C + 0.5°C/cycle, 10 seconds 
 
A no-RT (no first strand synthesis) and no-template control was run alongside 
each experiment. The fluorogenic signal emitted was read during the annealing-
extension step and analyzed by iCycler IQ software. 
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Melting curve analysis 
 
Melting curve analysis was performed during each qRTPCR to identify the 
presence of primer dimmers and analyze the specificity of the reaction.  Immediately 
after amplification, a melting curve protocol was produced by increasing each cycle by 
0.5°C, starting from the set-point temperature (55.0°C), for 80 cycles, each one of 10s as 














Figure 2-3 Typical melting curve analysis 
Example graph to show the relative fluorescence over temperature of replicate samples of the PCR 




The threshold cycle (Ct) value is the cycle number at which the fluorescence 
generated within a reaction crosses the fluorescence threshold, a fluorescent signal 
significantly above the background fluorescence.  At the threshold cycle a detectable 
amount of the amplicon product has been generated during the early exponential phase 
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of the reaction.  The threshold cycle is inversely proportional to the original relative 
expression level of the gene of interest.   The Ct values were used to calculate a linear 
regression line plotting the log of the initial template copy number against the Ct values 
generated.  The slope of the calibration curves determined the PCR efficiency (EFF), in 
accordance with the equation: EFF = 10[−1/slope]- 1; the slope values were -3.3≈100% 
EFF.   
To compare the relative expression of our gene of interest at 10°C and at 37°C 
the following equation was used.  
 
X10°C                 
X37°C 
 
Where delta CT is the difference in threshold cycles for the target and control 
samples and E is the PCR efficiency.  For amplicons designed and optimized according 
to ABI (amplicon size < 150 bp), the efficiency is close to one (E = 1). Therefore the 
amount of target normalized to an endogenous reference and relative to a control sample 
is given by 
 
X10°C                 
X37°C 
 
Where CT, 10°C is the threshold cycle of the gene of interest at low temperature 
and CT, 37°C is the threshold cycle of gene the gene of interest at 37°C.  The relative 
expression of genes at 37°C compared to 10°C have been expressed as induction ratios 
of three individual experiments each carried out in triplicate (±S.D.)  
 
= (1+E)




 = 2 
∆CT,37°C - ∆CT,10°C 
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2.2.3.3 Luminescent analysis 
 
Bacterial cultures were grown as described in section 2.1.  50 mls of LB was 
inoculated with 0.5 mls of an overnight stationary phase culture (a 1 in 100 dilution) and 
the appropriate antibiotic was added and grown to OD600 ~0.3.  200 µl of each Mudlux 
strain was added to triplicate wells of a 96 well plate and placed in a FLUOstar Optima 
Luminometer (BMG Labtech) at 10°C.  A blank LB control and a negative control, 
strain SL1344 (not carrying the lux operon), were included on all plates.  The 
luminometer was set to record the OD and luminescence of samples at hourly intervals 
over a twenty four hour period.  Luminescence was measured in arbitrary units.   
 
2.2.3.4 Cross-linking RNA and analysis of cDNAs (CRAC) 
 
This technique was carried out in the Tollervey lab, Edinburgh using their 
reagents and under their supervision 
 
Culture preparation  
 
Bacterial cultures were grown as described in section 2.1.  2L of LB was 
inoculated with 20 mls of an over night stationary phase culture with appropriate 
antibiotics added and grown to OD600 ~0.3 (see Table 2.2).  Cold shocked samples were 
incubated at 10°C for 6 hours rotating at 200rpm.  Cells were pelleted by centrifugation 
at 8000 rpm at 4°C for 15 minutes and resuspended in 2 to 3 ml of PBS.  For in vivo 
cross-linking the cell suspension was UV irradiated in a Petri dish on ice in a 
Stratalinker UV1800 (254nm) at 4000 x100µJ/cm
2 
four times.  Cells were pelleted in a 
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falcon tube at 4600g at 4°C for 15 minutes, snap frozen in liquid nitrogen and stored at -
80°C. 
 
 Cellular Lysis (carried out on ice) 
 
Cell pellets were resuspended in 1.5 ml of TMN150 buffer and extracts were 
prepared by vortexing the cell suspension with 3 ml of Zirkonia beads (0.5 mm Thistle 
Scientific) five times for 1 minute with 1 minute incubation on ice in between each step.  
3 ml of TMN 150 buffer was added and vortexed for 1 minute and centrifuged for 20 
minutes at 4600g at 4°C.  The supernatant was transferred to 1.5 ml eppendorf locking 
cap tubes and centrifuged at 20 000g for 20 minutes in a microcentrifuge. 
 
IgG Purification (carried out on ice) 
 
0.5 ml of IgG sepharose slurry (GE Healthcare) was equilibrated (washed twice 
in 5 ml of TMN150 buffer by resuspending the slurry gently and then pulsing in a 
centrifuge at <1000 rpm) and the beads resuspended in 250 µl of TMN150 buffer.  
Extracts were incubated with the equilibrated IgG beads for 2 hours at 4°C whilst 
rotating.  The beads were then pulse centrifuged at 4°C at <1000 rpm and the 
supernatant removed. 
The beads were washed in 10 ml of TMN1000 buffer with 50 µl of beta-
mercaptoethanol freshly added, for 5 minutes at 4°C.  Beads were then washed twice in 
10 ml TMN150 buffer with 50 µl of beta-mercaptoethanol freshly added for 5 minutes at 
4°C.  The beads were resuspended in 1 ml of TMN150 buffer transferred to an 
eppendorf and pulse centrifuged to pellet at <1000rpm in a microcentrifuge, and the 
supernatant removed. 
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TEV cleavage (carried out on ice) 
 
The beads were resuspended in 600 µl of TMN150 buffer with 5 µl of beta-
mercaptoethanol freshly added.  10 µg of home-made GST-TEV protease (The 
Tollervey Lab, Edinburgh) was added, mixed by inversion and incubated for 2 hours at 
18°C rotating.  The eluate was transferred to a micro bio spin column (BioRad) and 
allowed to drip through.  The column was transferred to a fresh eppendorf and 
centrifuged briefly to remove the remaining supernatant.   
 
RNase treatment and nickel purification (carried out on ice) 
 
1 µl of RNace-IT (10U/µl Stratagene) was added to 500 µl of RNA cross-linked 
TEV eluate and incubated for 5 minutes at 37°C.  0.4 g of Guanidium-HCl was 
dissolved in the TEV eluate (6 M final) and 27 µl of NaCl (300mM final) and 3 µl of 2.5 
M imidazole (10 mM final) were added.  Samples were added to 50 µl of pre 
equilibrated (in wash buffer I) nickel-NTA beads (Qiagen) and incubated at 4°C o/n 
whilst rotating.  Beads in the column were washed twice with 750 µl of wash buffer I 
(rinsing the edge of the column thoroughly) and twice with 750 µl of 1XPNK buffer.   
 
Alkaline phosphatase treatment  
 
The remaining buffer was removed by brief centrifugation of the beads and the 
following added to the beads in the column; 
16 µl 5xPNK buffer 
8 µl Thermosensitive Alkaline Phosphatase (TSAP) (1 unit/µl) 
2 µl RNasin (40 units/µl) 
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54 µl dH2O 
This was incubated for 30 minutes at 37°C.  The beads were washed with 400 µl 
of wash buffer I to inactivate the TSAP and three times with 400 µl of 1xPNK buffer. 
 
On bead ligation of the miRCat-33 linker to the 3’ end of the RNA  
 
The remaining buffer was removed by brief centrifugation and the following 
added to the beads in the column; 
16 µl 5xPNK buffer 
8 µl miRCat-33 3‟ linker (10µM) 
2 µl RNasin (40 units/µl) 
50 µl dH2O 
4 µl T4 RNA ligase (20 units/µl) 
The T4 RNA ligase was the last component to be added and this was incubated 
for 6 hours at 25°C.  The beads were washed once with 400 µl of wash buffer I and three 
times with 400 µl 1xPNK buffer. 
 
Phosphorylation of the 5’ end of the RNA 
 
The remaining buffer was removed by brief centrifugation and the following 
added to the beads in the column; 




4 µl T4 PNK (Sigma 5U/µl) 
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56 µl dH2O 
The sample was incubated for 40 minutes at 37°C.  1 µl of 100 mM ATP was 
added and the reaction incubated for a further 20 minutes at 37°C.  The beads were 
washed three times with 400 µl of wash buffer I and seven times with 400 µl of 1xPNK 
buffer.   
 
On-bead ligation of the 5’SOLEXA linker 
 
The remaining buffer was removed by brief centrifugation and the following 
added to the beads in the column; 
16 µl 5xPNK buffer 
8 µl ATP (10mM) 
2 µl RL5 linker (100µM) 
4 µl T4 RNA ligase (20 units/µl) 
2 µl RNasin (40 units/µl) 
48 µl dH2O 
The beads were incubated o/n at 16°C.  Subsequently they were washed three 
times with 400 µl of wash buffer II and the void volume removed by brief centrifugation 
(pulse at <1000 rpm).  Radiolabelled ribonucloproteins (RNPs) were eluted in 400 µl 




2 µg of glycogen and 200 µl of TCA were added to the radiolabelled RNPs and 
precipitated on ice for 20 minutes.  Samples were centrifuged at 20 000 g for 20 minutes 
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at 4°C and the supernatant removed carefully (checking that the majority of the 
radioactivity remains in the pellet and not in the supernatant).  The pellet was washed in 
200 µl of acetone and centrifuged for a further 20 minutes at 4°C.  The pellet was 
resuspended in 30 µl of 1xNuPAGE buffer (Invitrogen). 
 
Detection and extraction of RNPs 
 
Samples were separated by SDS PAGE using a 1.5mm thick (10cm x 10cm) 
NuPage 4-12% gradient gel Bis-Tris (Invitrogen) and transferred to a nitrocellulose 
membrane using a wet transfer system using the Invitrogen buffer supplied at 100V for 
1.5 hours.  Samples were detected by autoradiography exposing the membrane to film in 
a cassette for between five and fifteen minutes at -80°C.   Bands corresponding to the 
protein of interest were cut from the nitrocellulose membrane.  Radiolabelled RNA was 
extracted by incubation of the membrane slices with 100 µg of proteinase K in 400 µl of 
wash buffer II containing 1% SDS and 5mM EDTA for 2 hours at 55°C.  50 µl of 3M 
NaAc pH 5.2 and 500 µl of Phenol chloroform (PCl) were added and samples were 
centrifuged at 20 000 g for 10 minutes at room temperature. The RNA was precipitated 
with 1 ml of EtOH and 1 µl of glycogen for 30 minutes at -80°C and then centrifuged for 
20 minutes at 4°C.  The supernatant was removed, the pellet washed with 300 µl of 
EtOH and the sample centrifuged for 20 minutes at 4°C. The supernatant was removed 
and the pellet allowed to air dry. 
 
Reverse transcription protocol 
 
The cross-linked RNA pellet was resuspended in the following; 
10 µl dH2O  
1 µl miRCat-33 RT oligo (10 µM) 
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The mixture was heated to 80°C for 3 minutes, snap chilled on ice for 5 minutes 
and collected by brief centrifugation (2 minutes at 20 000 g). 
 
The following was added to the samples; 
4 µl 5x first strand buffer (SuperScript III Reverse Transcriptase, Invitrogen) 
1 µl 100 mM DTT 
1 µl RNasin (40 units/µl) 
2 µl 5 mM dNTP mix (Invitrogen) 
 
The reaction was incubated at 50°C for 3 minutes and 1 µl of Superscript III and 
incubated for 1 hour at 50°C.  The Superscript III was inactivated by incubation at 65°C 
for 15 minutes.  2 µl of RNase H (NEB) was added and incubated for 30 minutes at 




Three reaction mixtures were prepared containing the following; 
 
5 µl 10x LA Taq buffer 
1 µl 10 µM L5 PCR oligo 
1 µl 10 µM miRcat 
2.5 µl 5 mM dNTPs mix 
0.5 µl LA Takara Taq (5 units/µl) 
1 µl RT reaction (see above)  
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39 µl dH2O 
 
PCR reaction was carried out using the following program 
 
1. 30 cycles of: 
a. 95°C for 2 minutes 
b. 98°C for 20 seconds 
c. 52°C for 20 seconds 
d. 68°C for 20 seconds 
 2. 72°C for 5 minutes 
The reaction mixtures were pooled and precipitated. 
 
Methaphore agarose gel electrophoresis 
 
3 g of Metaphore agarose (Lonza) was soaked in 100 ml of 1XTBE for 30 
minutes and boiled in a microwave until completely dissolved and carefully poured 
removing bubbles into a gel tank and allowed to set for 1 hour.  It was then chilled at 
4°C for 30 minutes. 
Sample loading buffer was added to the pooled and precipitated PCR products 
and separated at 80V until the bromophenol blue band reached the bottom of the gel 
(approximately 1.5 hours).  The gel was scanned and PCR fragments visualised using 
the Fluor stage Fuji FLA 5000 scanner with a FITC filter at 473 nm.  The image was 
overlaid on the gel and the PCR fragments of interest excised from the gel.  PCR 
fragments were then purified using the Qiagen mini elute kit (Qiagen) following the 
manufacturer‟s protocol, including all additional wash steps and eluted in 20 µl of H2O.   
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TOPO TA cloning 
 
The following mixture was prepared using reagents in the TOPO TA cloning kit 
(Invitrogen); 
2 µl reverse transcription eluate 
1 µl salt solution 
1 µl pCR4 TOPO vector 
2 µl dH2O 
 
Ligation was carried out at room temperature for 30 minutes using T4 DNA 
Ligase (1U/µl) and then placed on ice.  1 µl of the ligation reaction was added to 1 vial 
of one shot TOP10 cells (Invitrogen) mixed gently and incubated on ice for 15 minutes.  
Cells were then heat shocked for 30 seconds at 42°C and returned to ice for a further 5 
minutes.  250 µl of SOC medium was added and the samples were incubated for 1 hour 
at 37°C.  Cells were then spread on LB agar plates with Kanamycin and incubated at 




A 96 well plate containing 200 µl of LB with Kanamycin per well was prepared 
and inoculated with single colonies.  This was incubated o/n at 37°C rotating at 200rpm 
and sequenced at the Edinburgh sequencing service using the BIGDYE v3.1 sequencing 
kit (Applied Biosystems) and M13 primers.  The sequencing data was analysed using 
BioEdit and VectorNTI. 
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2.2.4 Protein techniques  
 
2.2.4.1 Protein Quantification  
 
The Bio-Rad Protein Assay, which is based on the method of Bradford, was used 
to determine protein concentration (Bradford, M., 1976) as per the manufacturer‟s 
instructions using Bovine Serum Albumin (BSA) as standard.  
 
2.2.4.2 One Dimensional Sodium dodecyl sulphate 
polyacrylamide gel electrophoresis (SDS-PAGE) 
 
The Bio-Rad Mini Protean II apparatus was used to run SDS-PAGE gels (10cm x 
12cm).  Glass plates were cleaned with EtOH and rinsed in dH2O.  Apparatus was 
assembled according to manufacturer‟s instructions.  6 ml of 12.5% separating gel was 
prepared and 50 μl 10% ammonium persulphate (APS) and 2.5 μl TEMED were added 
just before casting.  The gel solution was added between the plates and a layer of 
butanol, saturated in water, was added to the surface.  The gel was allowed to set for 1 
hour at room temperature.  The butanol was removed and the gel surface was rinsed with 
dH2O.  2.75 ml of 5% stacking gel was prepared and 25 μl of 10% APS and 1.25 μl of 
TEMED were added just before casting.  The gel solution was cast and a 0.45mm thick 
loading comb with 10 wells was inserted and the gel and left to set for 45 minutes. 
10µg of protein sample was re-suspended in an equal volume of 2x Sample 
Buffer and made up to a final volume of 20 μl using 1x Sample Buffer.  Samples and 
NEB pre-stained protein markers (7-175 kDa) were heated for 5 minutes at 95˚C and 
loaded onto the gel immediately.  1L of 5X Electrode Running Buffer was diluted 5x 
with dH2O and added to the apparatus as per the manufacturer‟s instructions.  The gel 
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was run at 300V for 50 minutes, the apparatus disassembled and the gels stained for 1 
hour using filtered Colloidal Coomassie and de-stained using Colloidal Coomassie De-
stain three times for approximately 20 minutes. 
 
 
2.2.4.3 Western Blot 
 
Following electrophoresis proteins were transferred to a nitrocellulose membrane 
using a Trans Blot Semi Dry Transfer cell (Bio-Rad) according to the manufacturer‟s 
instructions.  The transblotter was run at 15V for 1 hour at 500 mA.  The membranes 
were incubated at 4°C overnight on a rotating shaker in blocking solution to reduce non 
specific binding.  The membranes were washed four times in wash solution and 
subsequently incubated at room temperature for two hours in polyclonal rabbit anti-TAP 
antibodies coupled to horseradish peroxidase diluted 1:5000 (Open Biosystems).  
Membrane was washed a further three times in wash solution and developed using ECL 
Plus (GE Healthcare) as per the manufacturer‟s instructions.  Membranes were imaged 
with a SRX-101A (Konnica) camera using a darkbox and images were visualised using 


















3 Identification of novel low 
temperature induced genes and 
the role of CspA paralogues in 
their regulation
  86 
3.1 Background 
 
The ability of a living organism to tolerate and adapt to changes in environmental 
temperature is paramount to its survival.  Pathogenic organisms such as S. typhimurium 
experience dramatic temperature shifts during the infection process.  The adaptation and 
survival of this organism at low temperature is facilitated by the cold shock response.  
As outlined in Chapter 1 changes in protein synthesis and expression occur at low 
temperature.  However as gene expression is so dramatically altered during stress 
responses, it is unlikely that the transcriptional changes reported so far at low 
temperature are exhaustive.  This study aims to further our understanding of changes in 
gene expression during the cold shock response in S. typhimurium.     
During a previous study, to identify novel cold induced transcripts, a 
bacteriophage Mu transposon library was constructed (Francis and Gallagher 1993).  
This library contains a transcriptional reporter system and was constructed in a galE 
derivative of S. typhimurium LT2.  This derivative of Mu, is known as Mudlux (Km
+
), 
as it contains the light emitting element of the bioluminescent lux operon from 
Photobacterium fischeri.  In the correct chromosomal orientation, gene expression 
directs the synthesis of both luciferase and a fatty acid reductase enzyme, which are 
required for light production (Francis & Gallagher 1993).   
A previous study using this library revealed a number of low induction 
temperature light emitting strains (lit fusions), resulting from Mudlux insertions in cold 
induced genes (Figure 3.1, Craig et al., 1998).  Subsequently CspB, which is a cold 
inducible paralogue of the major cold shock protein CspA, was identified as one of the 
insertion targets and was further characterized (Craig et al., 1998). Subsequently, the 
previously reported lit fusions were transduced into S. typhimurium SL1344 using P22. 
In this present study cold induced luminescence in S. typhimurium SL1344 
Mudlux fusions were quantified and analysed.  The genetic targets of the insertion points 
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of the Mudlux fusions have been determined and validation of cold induction of the 
















Figure 3-1 Diagram to show the use of the Mudlux transcriptional reporter system in the 
identification of low temperature induced genes 
Bacteriophage Mu containing bioluminescence genes (lux) from Photobacterium fishcheri (A), was 




In S. typhimurium there are six cspA paralogues.  Following their chromosomal 
deletion, cells are unable to adapt and grow at low temperature (Hutchinson, 2005).  In 
E. coli they have been shown to act as RNA chaperones and are involved in the 
regulation of gene expression of the Universal Stress Protein A (UspA) and the global 
regulator of gene expression (RpoS) (Phadtare and Inouye, 1999).  The csp null strain 
(see Material and Methods Table 2.2) lacks all six CspA paralogues and it has therefore 
been possible to consider the role of this family of proteins in the regulation of the novel 








SL1344 bacterial genome 
(A) (B) (C) 
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3.2 Results 
 
3.2.1 Validation of cold induced targets by luminescence  
 
Fourteen SL1344::Mudlux strains (MPG 357, 358, 359, 360, 361, 362, 363, 365, 
366, 367, 368, 369, 370, 371) which have previously been reported to produce light at 
low temperature (Craig et al., 1998,  MPG personal communication), were grown at 
30ºC with shaking at 200rpm, for sixteen hours in LB broth containing kanamycin.  A 
one in one hundred dilution of the overnight culture was then grown as before to 
exponential phase (OD600 0.3).  200µl of each strain was then transferred to a forty-eight 
well plate and placed in a luminometer (FLUOstar Optima Luminometer, BMG 
Labtech) at 10ºC.  Luminescence was automatically recorded in situ every hour over 
twenty four hours, with shaking in between measurements.  Results are shown as an 
average of three separate experiments carried out with triplicate samples (see Figures 3.2 
and 3.3).  
Figure 3.2 shows average light emission at 10°C for the seven Mudlux fusion 
strains MPG 358, 359, 360 361, 367, 370 and 371.  All strains, with the exception of 
MPG 370, exhibited an increase in luminescence following cold shock at 10°C within 
the first four hours, followed by a plateau or decrease in luminescence.  Overall the 
luminescent profiles of four strains (MPG 358, 361, 367 and 371) exhibited a second 
peak of light emission.  In strains MPG 361 and 371 the second induction began at 
approximately eight to ten hours and peaked between fourteen and eighteen hours.  In 
strains MPG 367 and 358 the second increase in luminescence, albeit small, peaked 
between twelve and sixteen hours post temperature downshift.  MPG 370 showed a 
gradual increase in the level of luminescence from four hours into cold shock, until it 
peaked at fourteen hours, after which luminescence declined.   

















Figure 3-2 Luminescence from Mudlux fusions.   
Line graph to show the quantification of light measured by a luminometer (FLUOstar Optima 
Luminometer, BMG Labtech) emitted from Mudlux strains MPG 359, 360,367,361,371, 358 and 370 over 
24 hours at 10°C from cultures grown initially to OD600 0.3 at 30°C with appropriate antibiotics.  
 
 




















Figure 3-3 Luminescence graph to show the quantification of light measured by a 
luminometer  
(FLUOstar Optima Luminometer, BMG Labtech) emitted from Mudlux strains MPG 357, 362, 363, 365, 
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Figure 3.3 shows average light emission at 10°C for the remaining seven Mudlux 
fusion strains MPG 357, 362, 363, 365, 366, 368 and 369.  For all strains light emission 
increased within the first four hours of cold shock.  With the exception of MPG 357, the 
light emissions continued to increase exponentially for a further two hours.  This level of 
luminescence was then sustained for approximately six hours after which it gradually 
diminished.  In contrast luminescence from MPG 357 peaked just before four hours and 
thereafter rapidly decreased.    
 
3.2.2 Identification of novel cold induced loci 
 
Once cold induction of these fourteen Mudlux strains had been characterised by 
luminescence, the locations of the transposon insertion points were sought.  This enabled 
identification and characterisation of the cold induced transcripts harbouring the Mudlux 
insertions.  The approximate chromosomal locations of the Mudlux insertion sites have 
been identified in a previous study using inverse PCR and DNA sequencing (personal 
communication, MPG).  However the specific location of the insertion points remained 
unclear.  In order to determine the point of Mudlux insertions, PCR products were 
synthesised using direct primers designed upstream of the chromosomal locations 
identified preliminarily, and a complementary primer corresponding to the left end of 
phage Mu (see Table 3.1 for primer details).  PCR products for each target were purified 
or, where stated, products of the correct estimated size were gel extracted, using the 
Qiagen Purification/Gel Extraction Kit (see Figure 3.4).  Purified products were used in 
DNA sequencing reactions, carried out at the Genepool Sequencing Service 
(Edinburgh), using the complementary phage Mu primer.  Sequence alignment using 
Bioedit and VectorNTI were used to identify the insertion site of phage Mu in each 
transcript.  Using a genomic Basic Local Alignment Search Tool (The Sanger Institute, 
Welcome Trust; National Centre of Biotechnology Information, NCBI) the 
chromosomal location and nature of the cold induced loci were identified.   
           92 
Table 3-1 Primer sequences and annealing temperatures used to sequence the insertion 





























Direct Upstream of cpxP 5‟ GCAGAAATTACGTCATCAGGCG 3‟ 
59 
Complementary Phage Mu 5‟ CATCTGTTTCATTTGAAGCGCG 3‟    
MPG 358 




5‟ GTCTGCTGCTTCAGGTGCTGAC 3‟ 
 59 




Direct Upstream of 
SLP2_0019 
5‟ CGGCTGTCAATTCCAGCAC 3‟ 
59 
Complementary Phage Mu 5‟ CATCTGTTTCATTTGAAGCGCG 3‟    
MPG 361 
Direct Upstream of spf 5‟ GTATTGATGTGCCGTTGCTG 3‟   
54 
Complementary Phage Mu 5‟ CATCTGTTTCATTTGAAGCGCG 3‟   
MPG 371 
Direct Upstream of 
SLP1_0084 
5‟ GCTGAAGCAAGTTGTTTAGCACC 3‟ 
59 
 
Complementary Phage Mu 5‟CATCTGTTTCATTTGAAGCGCG 3‟    
MPG 367 





Complementary Phage Mu 5‟CATCTGTTTCATTTGAAGCGCG 3‟    
MPG 359 
Direct Upstream of cspA 5‟CATAACGCCGAAAGGCACAC 3‟ 
60 












































Figure 3-4 PCR products synthesised from SL1344 Mudlux strains using genomic and 
phage Mu primers.   
 
These approximately sized products were used for DNA sequencing to determine the transposon insertion 
site.  Sequencing was carried out using direct primers located on the genome upstream of the preliminarily 
identified region and in the complementary strand at the end of phage Mu.  Panel A shows single products 
for strains MPG 358, MPG 370, MPG 371, MPG 367, MPG 361 and MPG 360 on the left hand gel and 
MPG 359 on the right hand gel.   Panel B shows PCR products with multiple bands, boxed products were 
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Annotation in S. typhimurium SL1344 is limited and therefore comparison has 
been made with S. typhimurium LT2, a more extensively characterised genome.  
Diagrams to represent the Mudlux insertion site in each cold induced loci are presented 
in Figures 3.5 to 3.11.  Insertion sites have been assigned a number in accordance with, 
the first nucleotide of the corresponding translation initiation codon of coding RNAs, or 
the transcriptional start site of non coding RNAs, which were considered +1.  The 
insertion site of MPG 360 has previously been identified in cspB (Craig et al., 1998) and 
was therefore not characterised during this study.  Insertion sites in MPG 359, 370, 358, 
361, 371 and 367 were located in six independent locations, in transcripts of diverse 
nature and function.  The insertion sites in the remaining seven strains were located 
within the same chromosomal loci.  This data is summarized in Table 3.2.  The DNA 
sequencing data with the insertion sites highlighted are presented in the Appendix 7.1.     
In MPG 359, the Mudlux insertion site was identified in the ORF encoding the 
major cold shock protein CspA. The insertion site in MPG 370 was located in the gene 
encoding cpxP.  This gene is associated with the regulation of the Cpx response to 
extracytoplasmic stress.  In MPG 358 an insertion site was located in the locus encoding 
the transfer RNA tRNA
pro2
.  In MPG 361 an insertion site was identified in the locus 
encoding small RNA spf whose product is Spot 42.  The Mudlux target in MGP 371 
occurred on Plasmid 1 of S. typhimurium SL1344 in SLP1_0084.  This gene shares 
100% nucleotide identity with repA2 in S. typhimurium LT2 pSLT involved in plasmid 
associated DNA replication.  pSLT is the 94-kb virulence plasmid of S. typhimurium 
strain LT2 (McClelland et al., 2001).  MPG 367 contained an insertion within a region 
of translational overlap in the uncharacterised bicistronic operon SL3617 and SL3618 in 
S. typhimurium SL1344.  These ORFs share 100% nucleotide identity with STM3651 
and STM3652 in S. typhimurium LT2 which have been annotated as encoding a putative 
acetyltransferase and cytoplasmic protein, respectively.   
Seven strains (MPG 357, 362, 363, 365, 366, 368 and 369) contained insertions 
within the same region.  The Mudlux insertion point in strains MPG 365 and 366 was 
identical.  Similarly MPG 363 and 368 have the same insertion site.  However as there is 
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no apparent explanation for the multiple insertions found in this region and it seems 
likely that siblings have been isolated.  The Mudlux insertions in these strains were 
located in a bicistronic transcript within Plasmid 2 of SL1344, in SLP2_0019 and 
SLP2_0020.  These ORFs show 96% nucleotide identity with parA of E. coli plasmid 
pCoo encoding ParA/B like ATPase involved in chromosome partitioning  pCoo 


























Figure 3-5 Diagram to show Mudlux insertion site in MPG 359   
 





Figure 3-6 Diagram to show Mudlux insertion site in MPG 370   
 





Figure 3-7 Diagram to show Mudlux insertion site in MPG 358   
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Figure 3-8 Diagram to show Mudlux insertion site in MPG 361   
 





Figure 3-9 Diagram to show Mudlux insertion site in MPG 371   
 





Figure 3-10 Diagram to show Mudlux insertion site in MPG 358   
 
Mudlux insertion site was 279bps downstream of the translation initation codon of SL3617 and 4 bps 









Figure 3-11 Diagram to show Mudlux insertion site in MPG 357, 362, 365, 366, 368 and 369   
 
Mudlux insertion site in MPG357 was 427 bps downstream, in MPG 362 499 bps downstream, in MPG 
369 597 bps downstream and in MPG 365 and 366 615 bps downstream of the translation initation codon 
of SLP2_0019.  The insertion site in MPG 363 and 368 was 269 bps downstream of the translation 















MPG 357, 362, 369, 365, 366, 363 and 368  
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Table 3-2 Summary of strain number and Mudlux insertion sites.   
The position of the Mudlux insertion is given in relation to the first nucleotide of the corresponding ATG 
codon which was considered +1.  The name of the transcript harbouring the insertion is shown where 










Mudlux Target Known characteristics of genes 
MPG 359 + 70 cspA Major cold shock protein A, RNA chaperone 
MPG 370 + 85 cpxP 
Negative regulator of the Cpx response to 
extracytoplasmic stress 
MPG 358 + 8 tRNA
pro2
 
Involved in the transfer of proline acts as a frame 
mutation suppressor 
MPG 361 - 8 spf 
sRNA with regulatory role on gal operon and DNA I 
polymerase activity, functional product is Spot42 
MPG 367 
(overlapping 
genes in an 
operon) 
+ 279 SL3617 
Putative acetyltransferase from the Gcn5-related N-
acetyltransferase (GNAT) superfamily 
+ 4 SL3618 Putative cytoplasmic protein 
MPG 371 + 339 
SLP1_0084 
(Plasmid 1)  
100% nucleotide identity with repA2 S. typhimurium 
LT2 involved in plasmid replication.  High similarity 












Plasmid associated transcripts with 96% nucleotide 
identity to ORF3528 and ORF3529 in E. coli 53638  
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3.2.3 Cold induction of native transcripts for Mudlux targets  
 
Transcriptional fusions have been used to identify changes in gene expression.  
However the artificial nature of this system makes assessment of transcriptional activity 
potentially inaccurate (Ho and Strauus, 2004).  It was therefore important to assess 
whether the cold induced luminescence of Mudlux fusions (Figures 3.2 and 3.3) were 
artefacts of the hybrid transcripts, or whether the newly identified targets were bona fide 
cold-induced loci.  Therefore the cold induction of the native transcript of each Mudlux 
target site was investigated.   
The changes in expression of the native transcripts in exponential phase cells 
following cold shock were analysed using the quantitative reverse transcriptase 
polymerase chain reaction (qRTPCR), see below.  Primers for each transcript were 
designed to produce single products between approximately 100 and 300 bps (see Figure 
3.12) and the annealing temperatures were optimised (see Table 3.3).  These primers 
were located within the ORF of genes or, in untranslated transcripts, within the 
transcriptional unit.  Primer pairs which produce a single product for spf for use in 
qRTPCR could not be generated due to the short length of the transcript and nature of 
the sequence.   
A 1 in 100 dilution of an SL1344 overnight culture was grown at 37ºC with 
shaking (200rpm) to exponential phase (OD600 0.3).   It was then cold shocked at 10°C 
with shaking (200rpm) for two hours.  1ml of culture was pelleted by centrifugation 
from the 37°C sample (at T0) and 1ml from the cold shocked sample (after two hours).  
RNA was stabilised using a standard phenol ethanol precipitation (Chomczynski & 
Sacchi., 1987) and subsequently extracted using the Promega Total Isolation Kit (see 
Materials and Methods for details).  RNA was quantified using a Nanodrop 1000 
spectrophotometer (Thermo Scientific) to standardise total RNA levels between 
samples.  The quality of RNA was analysed on RNA electrophoresis gels (see Figure 
3.13).  First strand cDNA was synthesised from total RNA using the SuperScript III 
First-Strand Synthesis SuperMix.  cDNA was then quantified using the Nanodrop to  

















Figure 3-12 DNA agarose gel showing probes of target genes used in qRTPCR 
experiments 
Probes for use in qRTPCR experiments were synthesised using specific primer pairs for the region of 
interest and were designed to be <300bps in length.  5µl of each probe was loaded onto a 1.5% agarose  
gel to confirm a single product was synthesised  (see materials and methods for PCR conditions and 
primer details).  3µl of NEB 100 base pair ladder was loaded in the final lane.  See Table 3.2 for the strain 
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Table 3-3 Primers and annealing temperatures for probe generation used in qRTPCR  
 
Amplified gene in 
qRTPCR 






Direct 5‟ CGGCACGTAGCGCAGC 3‟ 
58 
Complementary 5‟ CAAATCCTCTCGTGCCGACCA 3‟ 
cpxP 
Direct 5‟ CGAACATCAGCGTCAGCAG 3‟ 
54 
Complementary 5‟ GTATCGCCTGTTAACGCCGG3‟   
SLP2_0019 
Direct 5‟ GGTTTATCACCGGTTGGTTCG 3‟   
54 
Complementary 5‟ GAAGAGCTGGATGCTCGTGC 3‟   
SLP2_0020 
Direct 5‟ GAACCCGTAGTGGGTTGGG 3‟ 
54 
Complementary 5‟ GATGGCCGTTCTGCCAG 3‟ 
SLP1_0084 
Direct 5‟ GGCGATAAAGTTGAGCTGTCG 3‟  
54 
Complementary 5‟ GTTCAGCTGCAAGCCGATC 3‟   
SL3617/3618 
Direct 5‟ GCTGTCGAT CTCTCATTC 3 ‟   
54 
Complementary 5‟ GCGAACATTGTTCCTTAGG 3‟   
cspA 
Direct 5‟ CATAACGCCGAAAGG 3‟    
58 






























Figure 3-13 Sample RNA gel electrophoresis used to analyse the quality of RNA  
Total RNA following isolation using the Promega Isolation Kit prior to use in RT reactions for generation 
of template DNA used in qRTPCR.  Lane 1 contains 5µg of WT SL1344 RNA from exponential phase 
cells grown to OD600 ~0.3 at 37°C.  Lane 2 contains 5µg of WT SL1344 RNA from exponential phase 
cells grown to OD600 ~0.3 at 37°C and cold shocked for 2 hours at 10°C.  Lane 3 contains 5µg of csp null 
mutant RNA from exponential phase cells grown to OD600 ~0.3 at 37°C.  Lane 4 contains 5µg of csp null 
RNA from exponential phase cells grown to OD600 ~0.3 at 37°C and cold shocked for 2 hours.  Invitrogen 
molecular weight RNA ladders are loaded either side of the RNA samples, 0.1kb – 2kb on the left and 
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standardise the quantity of template DNA used in qRTPCR reactions.  Serial dilutions of 
template DNA were carried out for each primer pair to optimise the PCR efficiency to 
approximately double the copy number of DNA molecules at each cycle (see Table 3.3 
for primer pairs and Materials and Methods Section 2.2.3.3 for sample serial dilution 
analysis).   
SYBRgreen is an intercalator-based real-time PCR dye which fluoresces when 
bound to newly synthesized double stranded DNA.  The number of PCR templates in a 
reaction were quantified using the Invitrogen SYBRgreen qRTPCR Kit and a standard 
qRTPCR three-phase program in the LightCycler 480 (see Materials and Methods 
Section 2.2.3.3, see Table 3.3 for primer specific annealing temperatures).  Raw 
qRTPCR data was standardised using the ΔCt method (see Materials and Methods for 
calculation and explanation).  Normal growth temperature and cold shocked samples 
were standardised directly using ribosomal 16S RNA.  Cold induction is recorded as the 
ratio between transcripts in 37°C samples and cold shocked samples following ΔCt 
standardisation.  Results are shown as the average ratio of three individual experiments, 
carried out in triplicate, with standard deviation bars displayed (see Figure 3.14).   
Induction ratios ≥ 2 with a P value <0.01 signify a significant increase in the 
level of gene expression at low temperature.  The native transcripts RNA from SL1344 
cells had induction ratios >2 (represented by the black bars in Figure 3.14).  This 
confirms that the cold induced targets identified by Mudlux fusions are novel cold 
induced transcripts in SL1344.  cpxP was the most highly induced novel transcript with 
an induction ratio >6.  SLP1_0084 (RepFIB), SLP2_0019 and SLP2_0020 were induced 
~4 fold, and tRNA
pro2
 was induced ~3 fold.  The qRTPCR carried out using primers for 
SL3618 was not reproducible and the data has therefore not been shown.  However 
SL3617 the downstream ORF in the bicistronic operon was induced ~3 fold.   
The levels of these cold induced transcripts observed by qRTPCR varied 
considerably compared to the cold induced luminescence of transcripts in the 
transcriptional reporter strains.  The luminescence of strains displayed in Figure 3.3 all  
 

















Figure 3-14 Bar chart showing cold inductions (2 hrs 10°C vs 37°C) in native transcripts of 
Mudlux targets measured by qRTPCR.    
 
Induction ratios of wild-type SL1344 are represented by black bars. Induction ratios of the csp null mutant 
strain are represented by white bars.  An induction ratio of 1 is equivalent to no change in expression.  
Significant cold inductions (above dashed lane) are ratios ≥2 with a P value ≤ 0.01.  Each bar represents 
















































Wild-type S. Typhimurium SL1344 
S. Typhimurium csp null mutant 
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contained insertions within the same bicistronic locus, SLP2_0019 and SLP2_0020.  The 
level of light emission from these strains (with the exception of MPG 357) was 
considerably higher (>800 000 arbitrary light units) than that recorded for all other 
strains analysed (see Figure 3.2).  Cold induced luminescence of cpxP was the lowest of 
all Mudlux strains analysed.  In contrast cold induction of native transcripts was highest 
for cpxP when measured by qRTPCR.  Differences between the levels of cold induction 
observed by qRTPCR and those observed for the luminescent reporter strains may 
indicate that the luminescent profiles are affected by factors aside from cold shock.  This 
is possibly the result of differences in the stability of the hybrid RNA transcripts.   
 
3.2.4 The Role of CspA Paralogues in the regulation of novel cold 
induced transcripts 
 
A number of novel discrete cold induced loci have been identified in S. 
typhimurium SL1344; tRNA
pro2
, cpxP, SLP1_0084, biscistronic operon SL3617 and 
SL3618 and bicistronic operon SLP2_0019 and SLP2_0020.   These transcripts or their 
products are involved in a diverse range of cellular activities; ranging from metabolic to 
regulatory functions.  Since it has not been reported previously that these transcripts are 
induced during the CSR, their mode of regulation at low temperature is currently 
unknown. 
Several CspA paralogues have been shown to play an essential role in the 
adaptation of S. typhimurium to low temperature (Hutchinson, 2005).  Therefore the role 
of CspA paralogues in the changes in expression of these novel cold induced transcripts 
was investigated.  Changes in gene expression in the csp null strain, MPG 558, which 
lacks all six CspA paralogues, were measured by qRTPCR alongside the SL1344 cells 
as described in section 3.2.3 and under the same conditions.  The induction ratios of 
transcripts in the csp null strain following cold shock are represented by the white bars 
in Figure 3.14. 
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In the absence of CspA paralogues cold induction of all transcripts was altered in 
the csp null strain (see Figure 3.14).  For SL3617 an induction ratio >6 was observed in 
the csp null strain.  This was two times higher than the induction observed in SL1344 
cells.  This indicates that CspA paralogues play a role, directly or indirectly, in inhibition 
of transcription or in RNA processing and degradation.  For cpxP an induction ratio >3 
was observed in the csp null strain.  This was significantly lower than the cold induction 
observed in SL1344 cells (>6).  This suggests that cold induction of this target is only 
partially dependent on CspA paralogues as some degree of cold induction is observed in 
the csp null strain.  However as the level of induction was >6 fold in SL1344 cells this 
data demonstrates that the CspA paralogues affect the level of expression reached at low 
temperature.  Therefore CspA paralogues may play a role in stabilising this transcript or 
provide a secondary pathway for cpxP induction at low temperature.   
In the absence of CspA paralogues the induction ratio of four transcripts, 
tRNA
pro2
, SLP1_0084 of Plasmid 1, and SLP2_0019 & 0020 of Plasmid 2 were not 
significantly induced (induction<2, P value >0.01) following temperature downshift.  
This demonstrates that the cold induction of these loci is CspA dependent.  The exact 
mechanism through which CspA paralogues interact with these targets is unknown.  
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3.3 Discussion 
 
3.3.1 Novel cold induced transcripts 
 
This study has identified six novel cold induced loci associated with the CSR in 
bacteria.  The nature of these novel cold induced target transcripts and their potential 
role in cold shock are discussed below.  
 
3.3.1.1 Cold induction of the regulatory sRNA, spf  
 
A Mudlux insertion site was located -8 bps upstream of the transcriptional start 
site of spf encoding Spot 42 (see Figure 3.8).  Confirmation of cold induction in the 
native transcript was not possible by qRTPCR due to the short highly repetitive nature of 
this sequence and subsequent poor primer specificity. 
The spf locus is highly conserved across species and encodes an antisense, 
unmodified mature RNA (109 nucleotides) including a ρ-independent terminator site 
(Sahagan and Dahlberg, 1979).  In E. coli expression is negatively regulated by the 
cAMP-CRP complex (Polayes, et al., 1988).  Studies have shown that spf differentially 
regulates expression in the gal operon (Valentin-Hansen, et al., 2002).  The gal operon 
consists of four structural genes; galE, galT, galK and galM.  These encode epimerase, 
galactose transferase, galactokinase and galactose mutarotase respectively.  These 
enzymes are required for galactose metabolism.  The E. coli gal operon possesses two 
overlapping promoters, P1 and P2.  The cAMP-CRP complex activates transcription 
from P1 and inhibits transcription from P2 (see Figure 3.15).  The genes are translated 
from a polycistronic mRNA, however the relative amounts of each enzyme encoded in 
the operon varies under different metabolic conditions; this is known as discoordinate 
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expression.  It has been shown that Spot 42 specifically binds galK RNA thereby 
blocking the ribosome.  Down regulation of galK expression and de-repression of spf 
was only observed in the presence of Spot 42.  Thus Spot 42 is an antisense RNA that 
regulates discoordinate expression in the gal operon through RNA-RNA interaction and 
differentially regulates genes expressed from the same transcriptional unit (Moller, et 









Figure 3-15 Diagram outlining the structure of the gal operon encoding enzymes 
necessary for galactose metabolism 
Regulatory components including the regulatory role of cAMP-CRP in positive and negative regulation of 
the galETKM operon is shown.  Also shown is the direct RNA:RNA interaction of spf and galK 




The extent of the role of antisense control in bacterial gene regulation has been 
greatly overlooked until recently.  Its role is central to the fine-tuning of a bacterial cell.  
The coordinated modification of gene expression is an integral part of bacterial survival 
and is modulated rigorously during cold shock.  sRNAs have previously been implicated 
in the regulation of cold shock-associated regions in E. coli at low temperature.  In E. 
coli during cold shock sRNA DsrA increases the translation of RpoS by binding to a 
complementary sequence in the 5‟-untranslated region of rpoS mRNA (Gottesman, et 
al., 1998).  It has also been shown that Hfq, a global regulatory protein, interacts with 
several regulatory sRNAs in E. coli and that RNA regulation of OxyS, DsrA, RprA and 
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Spot 42 is dependent on Hfq (Moller, et al., 2002).  Increased expression of spf may 
suggest it plays a role in regulating metabolic gene expression at low temperature or that 
other targets also exist.  Perhaps the metabolic processes needed to provide energy for 
essential function at low temperature increase in response to the reduction in other 
cellular activities.   
In E. coli, levels of Spot 42 have also been shown to directly influence DNA 
polymerase I (DNA Pol I) levels (Polayes, et al., 1988).  In vitro studies have shown that 
a reduction in Spot 42 results in a reduction in DNA Pol I activity.  It has been shown 
that under low carbon conditions the level of Spot 42 is reduced and correspondingly the 
level of DNA Pol I is reduced.  DNA Pol I functions in the synthesis of DNA and in the 
repair of physical or chemical damage.  It is noteworthy that RecA, which is involved in 
recombination and repair, and H-NS, which is a nucleoid associated DNA binding 
protein, are cold shock inducible (Jones et al., 1987).  Physical damage, or the sudden 
reduction in growth rate that arises during cold shock, may elicit a need for DNA Pol I 
mediated synthesis or repair.  An increase in spf may act to influence DNA Pol I levels 
to overcome these effects. 
 
3.3.1.2 Cold induction of the negative regulator of the Cpx 
response, cpxP  
 
A Mudlux insertion site was located +84bps downstream of the first nucleotide 
of the translation initiation codon of cpxP (see Figure 3.6) and cold induction of the 
native transcript was confirmed by qRTPCR.  CpxP is a negative regulator of the Cpx 
response, one of at least three known extracytoplasmic stress response (ESR) pathways 
in S. typhimurium.  The ESRs in Gram negative bacteria have been shown to target 
stresses that affect components of the cell envelope, including periplasmic and outer 
membrane proteins.  In Salmonella these responses are mediated by the alternative 
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sigma factor σ
E
, the two component regulator CpxAR and the phage shock response.  
These have been best characterised in E. coli in which an additional ESR has been 
revealed, the BaeSR-regulated response (Carlsson, et al., 2007).  
The two-component regulatory system, CpxAR, is composed of a histidine 
kinase, CpxA, and a cognate
 
response regulator, CpxR (Humphreys, et al 2004).  CpxP 
is an additional component of the Cpx response that binds to CpxA inhibiting its kinase 
activity and providing feedback inhibition (Danese and Silhavy., 1998).  In response to 
envelope stresses CpxP disassociates from CpxA.  Titration of CpxP away from CpxA 
relieves inhibition activating CpxA.  Activation of CpxA triggers autophosphorylation, 
phosphorylated CpxA in turn phosphorylates CpxR.  Phosphorylated CpxR binds 
specific sites on DNA regulating transcription of genes in the Cpx regulon (Humphreys 
et al., 2004).  Phosphorylated CpxR positively autoregulates the cpxRA genes thereby 
amplifying the response, additionally it upregulates cpxP providing a mechanism of 
feedback inhibition.  When non stressed conditions resume, high levels of free CpxP 
present in the periplasm rebind to CpxA, down regulating the ratio of kinase to 
phosphatase activity, inactivating the response (see Figure 3.16, Danese and Silhavy, 
1998).   
Subsequent analysis of microarray data from an investigation into the changes in 
gene expression of S. typhimurium at low temperature has revealed that a significant 
number of genes in the Cpx regulon were up regulated.  In E. coli the Cpx regulon is 
believed to control the expression of over 100 proteins and is stimulated by a number of 
conditions.  Interestingly there is overlap in the genes belonging to, and the activating 
stimuli of, the Cpx regulon and the σ
E
 regulon, the latter of which has been shown to 
mediate extra cellular function (ECF) at low temperature in S. typhimurium (Raivio et 
al., 2001).   
Studies in E. coli show that the Cpx regulon is activated by multiple stimuli 
including alkaline pH, altered membrane lipid composition and interaction with 
hydrophobic surfaces (Wolfe, 2008).  Over production of outer membrane proteins 
(OMPs) and pathogenesis stimulate both the Cpx and σ
E
 regulons (Humphreys, S. 2004).   






Figure 3-16 Figure taken from Danese, P. N., and T. J. Silhavy., 1998.  Model for activation 
and repression of the Cpx regulon.  
Under nonstressed conditions, CpxP (circles) interacts with the sensing domain of CpxA (central portion 
of periplasmic domain of CpxA), maintaining the kinase in an off state (thick, black, curvy line). In 
response to envelope stress, CpxP is titrated away from the sensing domain, perhaps by preferential 
binding to misfolded proteins (squiggly line), which may also bind to the sensing domain of CpxA and 
activate the kinase (rectangular form). Activation leads to rapid amplification of the pathway through 
autoactivation of the cpxRA operon. Upon alleviation of envelope stress, high levels of free CpxP exist in 
the periplasm which rebind the sensing domain of CpxA and shutoff the response by downregulating the 
ratio of kinase to phosphatase activity. The square form of CpxR symbolizes the phosphorylated form that 
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It has been suggested that the Cpx and σ
E
 pathways may function cooperatively 
(Rowley et al., 2006).  The Cpx system can negatively regulate the σ
E
 pathway (Rowley 
et al, 2006).  Up regulation of cpxP at low temperature may reflect an increase in CpxA 
inhibition, to „shut-off‟ the regulon, to allow/enhance expression of the σ
E
 regulon.  On 
the other hand, it has been demonstrated that these two pathways work in synergy to 
maintain outer membrane integrity (Alba et al., 2004).  This implies that both regulons 
could function at low temperature in S. typhimurium to combat extracytoplasmic stress 
and activate members of their respective regulons.   
It has been proposed that CpxP potentially acts as a periplasmic stress combative 
protein. cpxP is strongly induced by alkaline pH
 
in a CpxA-dependent manner that aids 
in combating extracytoplasmic protein-mediated toxicity.  It has been shown to combat 
the lethal phenotype associated with the synthesis of a toxic envelope protein (Danese 
and Silhavy, 1998).  Interestingly, cpxP and cpx mutant strains
 
display hypersensitivity 
to growth in alkaline conditions (Danese and Silhavy, 1998) further supporting a role for 
CpxP as a stress combative protein.   
Under non stressed conditions, CpxP interacts with CpxA, maintaining the 
kinase in an off state.  During cold shock cpxP induction may occur in response to 
envelope stress and aberrant proteins formed at low temperature.  This may lead to CpxP 
being titrated away from CpxA leading to activation of the Cpx regulon.  A major role of 
the Cpx system is in the regulation of macromolecular surface structures.  
It has also been demonstrated in S. typhimurium that the Cpx system affects the 
invasiveness of Salmonella in a pH dependent way.  CpxA (but not CpxR) is required 
for the expression of hilA, which is a positive regulator of Salmonella Pathogenicity 
Island 1 (SPI-1) (Nakayama et al., 2005). The Cpx response has been shown to play a 
role in overcoming environmental, physical and chemical stress and has been implicated 
in the virulence of a number of bacterial pathogens. 
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3.3.1.3 Cold induction of a bicistronic operon containing 
SL3617 and SL3618 encoding a putative 
acetyltransferase and cytoplasmic protein 
 
A single Mudlux insertion site was located in an overlapping bicistronic operon 
in SL1344 consisting of SL3617 and SL3618 and cold induction of the native transcript 
was confirmed by qRTPCR.  In SL3617 the insertion site was located +279bps 
downstream of the first nucleotide of the translation initiation codon.  In SL3618 this 
insertion site was located +4bps downstream of the translation initiation codon (see 
Figure 3.10).  The ORFs of SL3617 and SL3618 share 100% nucleotide identity to 
STM3651 and STM3652 in S. typhimurium LT2.  In S. typhimurium LT2, STM3651 
has been annotated as a putative acetyltransferase and STM3652 has been annotated as a 
putative cytoplasmic protein of unknown function (Ecocyc).   
The predicted amino acid sequence of SL3617 contains a putative conserved 






Figure 3-17 Region in the amino acid sequence of STM3651 (Query seq) that shows high 
homology with the NAT_SF superfamily conserved domain    
   
 
     
 
The Gcn5-related N-acetyltransferases (GNAT) are a diverse superfamily of 
enzymes that use acyl-CoAs to acylate their cognate substrates.  They exhibit sequence 
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homology to a class of eukaryotic transcription factors initially identified in yeast GCN5 
(Kurdistani and Grunstein, 2003).  These are involved in transcriptional regulation of 
gene expression by histone acetylation. Acetylation of the amino terminal histone 
„„tails‟‟ removes positive charge.  It has been suggested that this results in weaker 
binding of the nucleosome core particles, which is composed of histones, to DNA (Kuo 
and Allis, 1998). These loci are then free to interact with the complex transcriptional 
machinery, resulting in enhanced transcription and translation of protein products. 
In E. coli, one of the most thoroughly studied organisms, there are twenty six 
predicted GNATs.  One has been biochemically characterized; three have been assigned 
a function acetylating three ribosomal proteins, S5, S18, and L12. The remaining twenty 
two have no known or hypothesized function.  Known substrates for GNAT superfamily 
members, include antibiotics, small molecules and the homoserine acetones, (in any 
single organism) (Vetting et al, 2005).  Cold induction of this gene may be a reflection 
of stalled translational apparatus.  It may play a role in enhancing transcription and 
translation during cold shock.  
The functional product of SL3618 shows high similarity to an annotated putative 
cytoplasmic protein.  A putative conserved domain from the DU1778 super family has 




Figure 3-18 Alignment of the predicted amino acid sequence of STM3652 (Query seq) with 
the DU1778 superfamily conserved domain 
 
 
Although this family of proteins are uncharacterized, the structure of one of the 
hypothetical proteins in this family has been solved and it forms a structure which may 
form interactions with DNA (Marchler-Bauer et al., 2009).  This may indicate a role in 
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transcriptional regulation but the role of cytoplasmic proteins in the bacterial cell is too 
diverse to speculate given such little is known about this ORF.   
 
3.3.1.4 Cold induction of tRNApro2 involved in codon 
translation 
 
A Mudlux insertion site was located +8 bps downstream of the transcriptional 
start site of tRNA
pro2
 (see Figure 3.7) and cold induction of the native transcript was 
confirmed by qRTPCR.   In S. typhimurium there are three proline tRNAs, that read four 
proline codons.  tRNA
pro2 
reads proline codon 24 (CCU) acting as the substrate for the 
ribosome thus catalyzing elongation during translation (Gong, et al., 2005).  Advances in 
molecular genetics and structural biology strongly indicate that modifications of tRNA‟s 
anticodon domain control gene expression (Gustilo, 2008).  Dramatic changes in protein 
synthesis that occur at low temperature most likely infer changes in codon usage.  This 
may indicate that the role of transfer RNA expression during stress responses has been 
overlooked. 
In E. coli over expression of tryptophan leads to a depletion of tRNA
pro2
 due to 
an accumulation at the ribosome, this leads to a reduction in growth rate (Gong et al., 
2006). Inhibition occurs because cells fail to efficiently recycle the tRNAs from the 
peptidyl-tRNAs released from ribosomes.  It has been suggested that E. coli lacks a 
mechanism for increasing tRNA
pro2 
synthesis, however cold induction of tRNA
pro2 
suggests that in Salmonella a mechanism to regulate tRNA
pro2
 expression exists. 
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3.3.1.5 Cold induction of the RepFIB replicon involved in 
plasmid replication 
 
A Mudlux insertion site was located +339bps downstream of the translation 
initiation codon of SLP1_0084 (see Figure 3.9) and cold induction of the native 
transcript was confirmed by qRTPCR.  The target ORF lies between positions 33,717 
and 34,706 located on Plasmid 1 of S. typhimurium SL1344 (the Sanger Institute) 
(plasmid size = 93,842 bp).  Initial BLAST search analysis of the DNA sequence of the 
ORF showed 100% nucleotide identity with a gene annotated in S. typhimurium LT2 
pSLT in genome browses as repA2. This locus is annotated to encode RepA2 a protein 
involved in regulating plasmid copy number for plasmids carrying the RepA replicon 
(Rychlik, et al, 2006).  However following investigation into the repA2 gene, its 
functional product RepA2 and the details of this replicon‟s features in E. coli, it became 
evident that the DNA sequence and chromosomal arrangement of associated flanking 







Figure 3-19 Comparison of repA2 in S. typhimurium LT2 pSLT with repA2 in E. coli 
pAPEC  
Comparison of repA2 in S. typhimurium LT2 which has 100% nucleotide identity to SLP1_0084 in 
SL1344 Plasmid 1 (which harbours the Mudlux insertion) with repA2 in E. coli pAPEC-01, annotated in 
Ecocyc to show the disparity between the two arrangements.    
 
E. coli pAPEC-01:   Gene: repA2  
Product: RepA2 DNA replication (annotated in Ecocyc) 
B 
S. typhimurium LT2 pSLT:  Gene: repA2  
Product: RepA2 DNA replication (annotated in Ecocyc) 
A 
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Sequence analysis of the ORF containing the Mudlux target using a broader 
spectrum of organisms, revealed 100% nucleotide identity to a gene encoded by 
UT189_P050 of E. coli pUT189. It also appears that the local flanking chromosomal 
arrangement between LT2 pSLT repA2, SL1344 Plasmid 1 SLP1_0084 and UT189_050 
from pUT189 is highly similar (see Figure 3.20).  Thus it would appear that the 
annotation of repA2 for S. typhimurium LT2 in genome browsers is incorrect as this 
gene and the Mudlux target gene encode a homologue of pUT189 of RepA from the 









Figure 3-20 Comparison of repA2 in S. typhimurium LT2 pSLT with RepFIB in E. coli 
pUT189  
Comparison of repA2 in S. typhimurium LT2 which has 100% nucleotide identity to SLP1_0084 in 
SL1344 Plasmid 1 (which harbours the Mudlux insertion) with repA2 in E. coli pUT189, annotated in 
Ecocyc to show the similarity between the two arrangements.    
 
RepA of the RepFIB replicon is part of a secondary mechanism to control 
plasmid copy number and has been described in detail (Spiers, 1992).  The key features 
include a minimal replicon region of ~1.6 kb, containing a single ORF repA, flanked on 
either side by repeat elements (see Figure 3.21).  Copy number control is achieved 
through the interaction between an initiator protein (RepA) and flanking DNA repeat 
elements either side of this initiator gene.  A minimum of three repeat elements directly 
upstream of the ORF are involved in auto-regulation by repression.  Three repeats 
E. coli pUT189:    Gene: pUT189  
Product: RepFIB replicon (annotated in Ecocyc) 
S. Typhimurium LT2:   Gene: repA2  
Product: Replication protein of RepFIB replicon 
A 
B 
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directly downstream are involved in replication and a further downstream group are 





Figure 3-21 The RepFIB replicon from the enterotoxin plasmid P307 
It consists of a single initiator gene (repA) flanked on either side by a number of repeat elements (BCD 
and EFGHIJ).  BCD repeat elements are associated with a number of origin-like sequences (boxed).  
Sequence analysis of multiple RepFIB replicons has shown it to be highly conserved (Bergquist, P. L. et 
al, 1989).  Figure adapted from Spiers, A.J. and Berguist, P. L., 1992. 
 
Sequence analysis using REPFIND (Deshler, et al, 2002) of the gene harbouring 
the Mudlux insertion shows evidence of such repeats, in accordance with this region 
being a RepFIB-like secondary replicon.  This region also harbours a predicted promoter 
binding site identified for dnaA, a transcriptional factor binding site, another feature of 
the RepFIB replicon (using BPROM, Softberry).  Thus the evidence suggests that the 
Mudlux insertion in MPG 371 lies within a RepFIB homologue on Plasmid 1 in S. 
typhimurium SL1344.   
The RepFIB replicon is a secondary low copy number replicon which has 
organisational homology to step function replicons (Spiers, 1992).  Step function 
replicons exhibit a tightly regulated copy number of one to two copies per cell in a rapid 
and stringent manner.  A small change in inhibitor concentration brings about an all or 
nothing response in target activity.  In response to an increase in plasmid copy number 
the RepFIB replicon will adjust the rate of replication to reduce the copy number by 
autonomous regulation of RepA via the regulatory elements.  If the copy number is too 
high the transcript required for initiation of replication is inhibited as the RepFIB 
promoter is repressed by RepA (Nordstrom, et al, 1984).  Reduced growth rate arising 
from low temperature may alter the plasmid copy number leading to induction of the 
target loci.  
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SLP1_0084 shares 100% nucleotide identity with a gene associated with DNA 
replication in S. typhimurium LT2 pSLT (see Figure 3.9).  pSLT is the 94 kb virulence 
plasmid of S. typhimurium strain LT2 (McClelland et al., 2001) and shares 94% 
nucleotide identity over the entire Plasmid 1 of SL1344.  pSLT of S. typhimurium LT2, 
in addition to genes encoding for essential plasmid functions such as plasmid replication 
and maintenance contains the spvABCDR locus, the pefBACDI operon and the rck and 
rsk genes (Herrero et al., 2005).  These are responsible for an increase in the bacterial 
growth rate in mice during the systemic phase of disease, biosynthesis of fimbriae 
involved in adherence to the intestinal epithelium (Herrero et al., 2006) and resistance to 
complement killing respectively.  This plasmid is closely associated with increased 
virulence during infection and the up regulation of genes involved in the regulation of 
this Plasmid 1 in SL1344 at low temperature may indicate there is a link between low 
temperature and virulence associated pathways.    
 
3.3.1.6 Cold Induction of SLP2_0019 and SLP2_0020 which 
show sequence similarity to plasmid partitioning 
proteins 
 
Multiple Mudlux insertion sites were located on plasmid 2 of SL1344 (see Figure 
3.11).  These insertions lie within a bicistronic operon in two genes SLP2_0019 and 
SLP2_0020 and cold induction of the native transcripts were confirmed by qRTPCR.  
Four discrete insertion sites were located at +427, 499, 597 and 615 bp downstream of 
the translation initiation codon in SLP2_0019.  The insertion at 615 bp was present in 
two of the Mudlux strains, MPG 365 and 366.  One insertion was also located at +269 
bps downstream of translation initiation codon in SLP2_0020, in two Mudlux strains, 
MPG 363 and 368.   
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Plasmid 2 of SL1344 is 120 kb and shows 93% identity to the R64 plasmid 
identified in a number of Salmonella strains (Ishiwa, et al., 2003).  The R64 plasmid 
shows 93% identity to E. coli pCoo which encodes a class of pili of enterotoxigenic E. 
coli (ETEC).  SLP1_0019 and 0020 share 96% nucleotide identity to a region on pCoo 
that encodes a ParA/B like locus.  These are ATPases involved in chromosome 
partioning and further analysis of the SLP2_0019 amino acid sequence reveals 
homology across a 130 amino acid region of the ORF in SLP2_0019 with the ParA 
conserved domain (see Figure 3.20) containing features including the P-loop ADP and 
magnesium ion binding site.   
 
 
Figure 3-22 Predicted amino acid sequence of SPL2_0019 (Query seq) shows a region of 
high similarity with the ParA conserved domain     
    
 
ParA and ParB are a conserved family of bacterial proteins implicated in 
chromosome segregation.  Type I (ParA/B) partitioning systems, are one of several 
systems involved in DNA partitioning.  They consist of three elements: an ATPase 
(ParA), a DNA-binding protein (ParB), and a cis-acting centromere-like region of DNA, 
parS/parC.  These facilitate the accurate segregation of bacterial plasmid DNA upon cell 
division (Bloom and Joglekar, 2010).  Analysis has shown that plasmid positioning 
within the cell is controlled by the ATPase involved in separating these foci and ejecting 
them into the daughter cells (Thompson et al., 2006).  During cold shock to 10°C cell 
division is significantly reduced to approximately one division every twenty four hours.  
Low temperature stabilization or increased transcription of this locus may facilitate 
correct plasmid partitioning and segregation upon cell division at low temperature.   
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It is of interest that this is one of two large plasmids in SL1344.   Plasmid 1 
shares homology with pSLT the virulence plasmid of S. typhimurium LT2.  Plasmid 2 
shares homology to virulence associated plasmid E. coli pCoo.  This study shows that 
components of the replication and partitioning systems of both are up regulated at low 
temperature.  The frequency of inserts within the two adjacent ORFs, SLP2_0019 and 
SLP2_0020 may indicate a high level of transcriptional activity in this region at low 
temperature. 
 
3.3.2 The regulatory role of CspA paralogues 
 
As cold induction of these novel cold induced targets has not been reported 
previously it is only now that the mechanisms by which they are induced at low 
temperature can be considered.  Using the csp null strain (which lacks all six CspA 
paralogues in S. typhimurium) this study has shown that the CspA paralogues are 
involved in the low temperature expression of these transcripts.  It has also revealed that 
they regulate cold expression by more than one mechanism.  
 
3.3.2.1 CspA dependent cold induced gene expression of three 
loci  
 
Figure 3.10 shows that the cold induction tRNA
pro2
, SLP1_0084 (repA of the 
RepFIB replicon on Plasmid 1) and SLP2_0019 & SLP2_0020 (bicistronic transcripts on 
Plasmid 2 with DNA sequence similarity to Type I ParA/B partitioning systems) are 
CspA dependent.  However the exact mechanism by which CspA paralogues regulate 
cold induction of these transcripts has not been identified.  Figure 3.23 speculates as to 
the possible CspA dependent regulatory systems both at the transcriptional level and the 
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post transcriptional level  Figure 3.23 outlines the possibility that CspA paralogues may 
interact through their RNA (x) or protein (y) at either the transcriptional or post 
transcriptional level, directly or indirectly. 
Evidence suggests that CspA acts as a transcriptional activator of specific genes 
at low temperature.  It has been classed as an environmental stress transcription factor 
that has been shown in vitro to directly regulate two genes, cold inducible gyrA and hns 
from E. coli (La Teana et al., 1991; Jones et al., 1992).  CspA interacts with the Y-box 
sequence (ATTGG) found in the promoter region of gyrA.  However it has been shown 
that factors regulated by CspA aside from the Y box sequence are required for the cold 
induction of hns  (Brandi, et al, 2003).   
Cold induction at the transcriptional level may occur through an activating 
pathway through the direct binding of mRNA or protein (Figure 3.23 (1) x, y) to target 
DNA or transcriptional factors.  A Y-box consensus sequence located upstream of the 
promoter region of tRNA
pro2
 may be the mechanism by which CspA dependent cold 
induction of this RNA occurs.  As no Y-box sequence is present in the promoter region 
of SLP1_0084 or SLP2_0019 and SLP2_0020, it is possible that their transcriptional 
activity is induced via an alternative, as yet unidentified, DNA element at the promoter 
region.   
Alternatively interaction may occur at a post-transcriptional level.  In vitro, cspA 
mRNA  has been shown to bind to Hfq, a hexameric Sm-like protein that regulates at 
least 243 genes in more than 13 functional classes (Geng, et al, 2009). This suggests that 
cold induced activity of these targets may be via cspA dependent interaction with an 
upstream pathway.  CspA paralogues have been shown to act as RNA chaperones in E. 
coli, and gel mobility assays have shown that they display preferential binding activity 
to ssRNA versus dsRNA in vitro (Jiang et al, 1997).  It is believed that they destabilise 
unwanted RNA secondary structures formed at low temperature, facilitating the efficient 
translation of RNAs which would otherwise be blocked in the ribosome due to stalled 
translational apparatus.  It is possible that CspA paralogues modify RNA transcripts 
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increasing their stability and reducing their degradation rate, thereby leading to the 
accumulation of these transcripts (see Figure 3.23 (2) stabilisation).   
At the post-transcriptional level, CspA paralogues may also alter the induction of 
cold induced targets by inhibiting their ribonuclease susceptibility (see Figure 3.23 (3) 
inhibitory pathways).  Evidence suggests that Hfq protects DsrA from endonucleolytic 
attack, by binding to and thus blocking an RNase E cleavage site on DsrA (Moll et al., 
2003).  CspA may interact with ribonucleases either directly or through Hfq.  This could 
control stability, reduce the rate of degradation or protect the transcript.    
This data demonstrates that CspA paralogues play a regulatory in the cold 
induction of genes encoding products of diverse function.  tRNAs play an important and 
varied role in the translation of mRNA.  If the dependence on CspA paralogues for the 
cold induction of tRNA
pro2
 applies to a range of tRNAs at low temperature, this may 
have implications on ribosomal and translational efficiency and protein synthesis at low 
temperature.   
The CspA dependent cold induction of the two plasmid associated loci 
SLP1_0084 (RepFIB) and SLP2_0019 and SLP2_0020 (ParAB like proteins) indicate 
that control of plasmid copy number during the CSR is not only altered but is regulated 
by CspA paralogues.  Induction of the plasmid associated cold induced transcripts 
identified in this study may reflect activation of a plasmid associated pathway at low 
temperature. Both are large plasmids with homologues closely associated with 
pathogenicity of the related organism.  Plasmid 1 of S. typhimurium SL1344 shows high 
similarity to S. typhimurium LT2 pSLT, a virulence associated plasmid.  Plasmid 2 of S. 
typhimurium has not yet been annotated.  
The functional significance of plasmids and control of their copy number can be 
important factors during host invasion as a number of virulence factors are plasmid 
associated.  Previous studies have shown a connection between Salmonella virulence 
and an alteration in the activity of the CSP PNPase (Rhen, et al., 2002; Clements ,et al., 
2002; Ygberg, et al., 2006).   


















Figure 3-23 Possible CspA dependent pathways for the positive regulation of CI 
transcripts 
(x) represents cspA paralogues RNA and (y) represents CspA paralogue proteins. (1) The green arrows 
symbolize the potential activation of DNA elements at the transcriptional level.  (2) The blue round 
headed lines symbolize the potential posttranscriptional stabilizing modifications.  (3) The red ended lines 
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This data demonstrates that regulation of these plasmid encoded genes at low 
temperature is CspA dependent, which may be via direct or indirect interaction: CspA, 
rather than functioning directly in increase in transcript levels may function indirectly, 
perhaps as a signal or communicator between host cell and plasmid DNA. 
 
3.3.2.2 The involvement of CspA paralogues in cold induction 
of cpxP 
 
In SL1344 cells cpxP was induced ~6-fold following cold shock. In the csp null 
strain ~3 fold induction was observed (see Figure 3.14).  This demonstrates that CspA 
paralogues are required for optimal cold induction of cpxP.  Figure 3.23 speculates as to 
the possible mechanisms of how CspA paralogues cause differences in cpxP expression 
levels. 
Studies in E. coli have demonstrated that transcription of cpxP is stimulated by 
extracellular alkaline pH and this is independent of CpxA.  Transcription of cpxP is also 
regulated by phosphorylated CpxR in feedback inhibition of the Cpx regulon.  Partial 
cold induction of cpxP in the absence of CspA paralogues may indicate that induction of 
cpxP at low temperature occurs by two separate pathways.  Given regulation stimulated 
by pH change is independent of the Cpx auto regulatory system induction mediated by 
CspA paralogues stimulated by shift to low temperature may occur in conjunction to 
auto-regulation of cpxP.  Alternatively CspA paralogues may act at a post transcriptional 
level, through the stabilisation of mRNA (Figure 3.23 (2)) or inhibition of RNase 
activity (Figure 3.23(3)).  Regulation of cpxP has previously been shown to be linked to 
the CpxAR operon, a well studied extracellular response that has not been previously 
associated with cold shock.  During this study it has been shown that complete cold 
induction of cpxP requires CspA paralogues.  This data suggests that CspA paralogues 
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provide an alternative mechanism of cold induction for cpxP that is independent of the 
CpxAR operon. 
 
3.3.2.3 Repression of the overlapping bicistronic operon 
containing SL3617 and SL3618 by CspA paralogues 
  
As shown in Figure 3.10 in SL1344 cells, the transcripts SL3617 and SL3618 
encoding a putative acetyltransferase and cytoplasmic protein respectively were induced 
~3-fold following cold shock.   However in the absence of CspA paralogues they were 
induced ~6-fold.  Figure 3.24 outlines the possible points at which CspA paralogues 
regulate the expression of these transcripts at the transcriptional level or the post 
transcriptional level.  It has previously been suggested that CspA paralogues mediate 
termination/anti-termination events in the cold induced operon metY-rpsO (Bae et al., 
1999).  SL3617 and 3618 lie within a bicistronic operon and transcriptional regulation 
by CspA paralogues through termination/anti-termination events may occur in these 
transcripts during cold shock, ceasing transcription and promoting the mRNA for 
degradation.  Alternatively they may play a role in repression at the transcriptional start 
site either by RNA or protein interaction with DNA elements (Figure 3.24 (1)x,y).   
CspA paralogues may be involved in post-transcriptional events (Figure 3.24) 
through DNA, RNA or protein interaction.  This may be through modifications to the 
transcript such as the destabilisation of secondary structures leading to a decrease in 
their stability. CspA has previously been shown to enhance the activity of RNaseA and 
RNase T1 in vitro (Jiang et al., 1997) and therefore it is possible that this family of 
proteins act via an upstream ribonuclease pathway leading to a higher degradation rate 
of these mRNAs.  Given their suggested roles as RNA chaperones it is possible the 
CspA paralogues bind to targets and increase their susceptibility for ribonuclease attack.  
 


















Figure 3-24 Possible CspA dependent pathways for the negative regulation of CI 
transcripts  
(x) represents cspA paralogues RNA (y) represents CspA paralogue proteins. (1) The red ended lines 
symbolize the potential inhibition of DNA elements at the transcriptional level.  (2) The broken blue round 
headed lines symbolize the potential posttranscriptional de-stabilizing modifications.  (3) The green 
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3.4  Summary 
 
3.4.1 Identification of novel cold induced transcripts in S. 
typhimurium 
  
A Mudlux transcriptional fusion reporter system in S. typhimurium SL1344 
revealed the cold induced luminescence of fourteen strains, MPG 358, 359, 360, 361, 
367, 370, 371 and MPG 357, 362, 363, 365, 366, 368 and 369.  Cold induced 
luminescence of these strains was quantified and analysis confirmed cold induced 
transcriptional luminescence of all Mudlux strains within the first six hours of cold 
shock, albeit small for MPG 371 (target gene of cpxP).  Differential luminescent profiles 
over twenty four hours were also observed (see Figures 3.2 and 3.3).  The Mu insertion 
sites of these strains and the transcripts harbouring the insertions were identified (see 
Table 3.2 and Figures 3.5 to 3.11 for summary of information).  Cold induction of the 
native transcripts during the acclimation of the CSR was analysed by qRTPCR and 
confirmed that cold induction is not an artefact of the luminescent marker (see Figure 
3.14 black bars). 
Two of the strains contained insertion sites in either cspB (Craig et al., 1998) or 
cspA, two cold induced members of the CspA family.  Five strains contained insertions 
in discrete novel cold induced transcripts of diverse function not previously associated 
with the cold shock response.  These include: cpxP, a regulator of the Cpx response and 
potential stress combative protein; tRNApro2, involved in translation of the triplet 
reading frame; regulatory sRNA spf, encoding Spot 42; plasmid associated SLP1_0084 
encoding a homologue of repA of the RepFIB replicon; and overlapping bicistronic 
operon SL3617 and SL3618, encoding a putative cytoplasmic protein and 
acetyltransferase respectively.  The seven remaining strains all contained insertion sites 
in a plasmid-associated, bicistronic operon encoding SLP2_0019 and SLP2_0020 which 
show homology to ParA like proteins involved in plasmid partitioning.  
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3.4.2 The significance of these novel cold induced transcripts at low 
temperature 
 
The cold induced transcripts identified in this study have not previously been 
associated with the cold shock response.  Given the current information in the literature 
regarding their previously identified roles speculation has been made as to their role at 
low temperature. 
Cold induction of cpxP a member of the Cpx extracytoplasmic stress response 
system may support a role for CpxP as a stress combative protein at low temperature.  
Given the de-repression of CpxA by CpxP following extra cytoplasmic stress under 
other conditions and the subsequent activity of the Cpx regulon this may suggest up 
regulation of Cpx pathways which in S. typhimurium have been closely linked to 
virulence.  Alternatively up regulation of cpxP at low temperature may indicate a shut 
off in the Cpx response.  This data indicates that the Cpx regulon works in cooperation 
with the σ
E
 regulons in ECF at low temperature, either synergistically or 
antagonistically.   
Cold induction of SL3617 encoding a putative acetyltransferase of the GNAT 
family may occur to enhance transcription and translation at low temperature.  Cold 
induction of SL3618 a putative cytoplasmic protein is difficult to interpret given the 
diversity in cytoplasmic function and lack of characterisation of this ORF.  Given the 
known regulatory roles of spf, encoding Spot 42, cold induction of this transcript may 
assist in the fine tuning of gene expression through modulating RNA processing or 
ribonuclease activity.  The induction of tRNA
pro2
 may result from an increase in the rate 
of reading frame errors resulting from translational stalling or in the need for this tRNA 
to allow translation of rare codons 
The reduced growth rate that is observed at low temperature could affect plasmid 
replication and result in an imbalance in the cell.  Cold induction of plasmid associated 
loci, SLP1_0084 and SLP2_0019 and SLP2_0020 indicate a change in plasmid 
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replication and partitioning at low temperature. Cold induction of these plasmid 
associated transcripts may infer that a plasmid associated pathway is up regulated at low 
temperature.  Aside from the role plasmids play in conferring environmental fitness, 
large plasmids in S. typhimurium have been closely linked to virulence in Salmonella. 
Protein expression analysis at low temperature and pathway analysis of cpxP, 
SL3617 and SL3618, SLP1_0084, SLP2_0019 and SLP2_0020 may offer insight into 
their role during cold shock 
 
3.4.3 Identification of a diverse role for CspA paralogues in the 
regulation of cold induced expression of multiple transcripts 
 
Current literature concerning the regulation of the CSR is limited.  It has already 
been established that certain CspA paralogues play an important role in the adaptation of 
S. typhimurium to low temperature.  Prior to the identification of the novel cold induced 
transcripts identified in this study, their low temperature regulation has not been 
previously considered.  Consequently the role that CspA paralogues play in the 
regulation of expression of these transcripts has been investigated.  This analysis 
demonstrated that for a number of the targets, low temperature induction is dependent on 
CspA paralogues, including tRNA
pro2
, the expression of plasmid encoded genes and 
cpxP.  
It also revealed a multi-faceted regulatory role for the CspA paralogues.  It has 
demonstrated that the regulation of gene expression via CspA paralogues occurs via 
more than one mechanism; changes in expression regulated by CspA paralogues, range 
from deletion of significant induction to the doubling of transcript abundance.    
CspA dependent cold induction may arise at the transcriptional level through 
activation of DNA elements or transcriptional factors, either directly or indirectly.  
Alternatively this may occur through direct post-transcriptional RNA modifications, 
stabilising RNA and leading to its accumulation.  It is also possible that CspA 
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paralogues interact with ribonucleases, perhaps inhibiting their activity by masking their 
RNA and thereby preventing degradation and promoting these transcripts for translation 
at low temperature.   
The inhibitory effects of CspA paralogues identified in the cold induction of 
transcripts in the bicistronic operon SL3617 and SL3618 may occur through inhibition 
of transcriptional activity of DNA elements.  Alternatively it may result from CspA 
dependent modifications of RNA that promote target mRNA degradation or alter 
termination/anti-termination activity.  It is also possible that the CspA paralogues 
interact with ribonucleases, resulting in a higher rate of degradation of the transcript. 
These studies show the novel cold induction of a set of functionally diverse 
transcripts and a role for CspA paralogues in their regulation.  The regulatory role of this 
protein family is shown to be both inhibitory and stimulatory.  This supports a role for 
CspA paralogues as global regulators of gene expression at low temperature and 


















4 Validation of global 
transcriptional analysis of gene 
expression at low temperature 





DNA microarrays are a well established method used to measure changes in 
gene expression during stress responses.  Microarray analysis of the CSR has been 
carried out in a number of organisms including E. coli (Phadtare and Inouye., 2004) 
and Bacillus subtilis (Beckering et al., 2002). However no studies of S. typhimurium 
at low temperature have been published to date.  Genomic DNA microarray analysis 
of S. typhimurium at 37°C and following cold shock (2 hours at 10°C) has previously 
been carried out within the lab (Hutchinson, 2005).  This data demonstrated 
significant cold induction (fold change >2 with a P value < 0.05) of a number of 
genes closely associated with the CSR, including transcripts encoding Class I and 
Class II CSPs. 
Whole genome microarray experiments produce a vast amount of data with 
the potential to supply a huge amount of novel biological information.  Nevertheless 
careful handling of the data, including normalisation, integration and interpretation, 
is essential for the realisation of its biological significance.  Also microarray data is 
inherently noisy resulting from the number of measurements in a typical microarray 
experiment, false positive and negative results and experimental artefacts which are 
either induced by sample preparation or the hybridisation procedure itself.  Signals 
caused by microarray probes cross-hybridizing to related transcripts and mistakes in 
the assignment of probe identities can also prove misleading.  Therefore 
experimental validation is required to establish the reliability of microarray data sets. 
This present study experimentally validates the cold induction ratio of six 
genes selected from the microarray data with a fold change ≥2; cspA encoding the 
major cold shock protein, and five genes encoding known Class I CSPs NusA, RbfA, 
PNPase and CsdA and the Class II CSP IF2.  The quantitative reverse transcription 
polymerase chain reaction (qRTPCR) was employed to analyse changes in gene 
expression at low temperature in SL1344 cells as a means to validate the preliminary 
results obtained from the microarray analysis and confirm the detection of the CSR.   
Five of the genes selected for validation lie within adjacent polycistronic 
operons and their gene products are of great importance during the CSR.  The 
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arrangement and regulation of gene expression within these operons is complex and, 
whilst microarray analysis and qRTPCR provide information on the low temperature 
induction of these genes, these methods do not provide insight into the processing of 
these transcripts.  Consequently Northern Analysis to investigate the transcriptional 
profile of nusA, infB, rbfA, pnp and csdA in SL1344 cells at 37°C and 10°C was 
carried out.  This method enables the products of transcriptional activity in this 
region to be visualised. 
Previous studies in E. coli have shown that low temperature induction of the 
CSPs encoded by genes in the MetY and S15 operon occurs through anti-termination 
and it has been suggested that these events are regulated by the CspA paralogues 
(Bae et al., 2000).  Therefore Northern Analysis of these transcripts was carried out 
in the csp null strain (which lacks all six CspA paralogues in S. typhimurium) at 
37°C and 10°C to determine if this family of proteins are responsible for low 




4.2.1 Validation by qRTPCR of CI gene expression observed by 
microarray analysis in S. typhimurium SL1344  
 
Previous Microarray analysis: 
 
The whole genome DNA microarray analysis carried out by Hutchinson 
(2005) was designed to investigate the response of S. typhimurium SL1344 to cold 
shock, comparing levels of expression at 37°C and 10°C for two hours during 
exponential growth phase (Hutchinson, 2005).  It involved using two biological 
samples, cDNAs from total cellular RNA from exponential phase SL1344 cells 
grown at 37°C and that from cells after two hours at 10°C.  These samples were 
labelled with different fluorescent dyes Cy3 and Cy5, enabling a comparison 
between the two samples to be made.  At the time of the study the genome for S. 
typhimurium SL1344 was incomplete; as such the microarray chip consisted of 4483 
PCR products from S. typhimurium LT2 (97.5% of the 4,596 annotated LT2 
sequence), 104 ORFs from a virulence plasmid of LT2 (pSLT) (Porwollik et al., 
2001) and a few hundred ORFs from genes of the sequenced Salmonella typhi CT18 
genome which did not have close homologues in S. typhimurium LT2 (Parkhill et 
al., 2001; Hutchinson, 2005).   
Sequencing of the SL1344 genome was completed in 2010 (Welcome Trust 
Sanger Institute), however annotation is still incomplete.  Nevertheless SL1344 has a 
high percentage nucleotide identity to the LT2 genome which has been sequenced 
(McClelland et al., 2001) and subsequently data analysis has been carried out.  This 
microarray data demonstrated significant low temperature induction of genes 
encoding Class I and Class II CSPs, with a fold change >2 and a P value < 0.05.  
Following more detailed analysis of the Salmonella microarray data a number of 
novel functional groups were identified as up regulated including; cobalamin 
biosynthesis, pathogenesis functions, RNA metabolism and lipid A biosynthesis (See 
Appendix 7.2).  Down regulation of many general metabolic pathways observed 
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previously in the CSR of E. coli were also detected (Phadtare and Inouye, 2004).    
The main down regulated categories identified from the S typhimurium microarray 
data included flagellar motility, ATP synthesis and cellular metabolism. 
 
Validation by qRTPCR 
 
This present study investigates the induction ratio following cold shock of 
cspA, nusA, infB, rbfA, pnp and csdA in SL1344 cells using qRTPCR.  These six 
genes encode known CSPs and, following the significant cold induction observed by 
microarray analysis, have been used as a means to experimentally validate the 
microarray data.  Three individual experiments were carried out in which RNA 
samples were prepared from cultures at normal growth temperature and at low 
temperature.  50 ml of a one in one hundred dilution of an SL1344 overnight culture 
was grown at 37ºC, shaking at 200rpm, to exponential phase (OD600 0.3).   Half of 
this culture was then cold shocked at 10°C shaking at 200rpm for two hours.  1ml of 
culture was quickly pelleted by low temperature centrifugation (~4°C) from the 37°C 
sample and 1ml from the cold shocked sample.  RNA was stabilised using a standard 
phenol ethanol precipitation and subsequently extracted using the Promega Total 
Isolation Kit (see Material and Methods for details).  RNA was quantified using a 
nanodrop and RNA levels between samples were standardised.  The quality of RNA 
was analysed on RNA electrophoresis gels (see Figure 4.1 for sample gel).  1µg of 
RNA was reverse transcribed using Invitrogen Reverse Transcriptase III (see 
Material and Methods for details).  cDNA was then quantified using the Nanodrop to 
standardise the quantity of template DNA used in qRTPCR reactions.  To optimise 
the PCR efficiency to approximately double the copy number of DNA molecules at 
each cycle, serial dilutions of template DNA were carried out (see Material and 



























Figure 4-1 Sample RNA gel electrophoresis used to analyse the quality of RNA 
Separation of total RNA following extraction using the Promega Isolation Kit.  These RNA samples 
were used in RT reactions for generation of template DNA used in qRTPCR.  Lane 1 contains 5µg of 
WT SL1344 RNA from exponential phase cells grown to OD600 ~0.3 at 37°C.  Lane 2 contains 5µg of 
WT SL1344 RNA from exponential phase cells grown to OD600 ~0.3 at 37°C and cold shocked for 2 
hours at 10°C.  Lane 3 contains 5µg of csp null mutant RNA from exponential phase cells grown to 
OD600 ~0.3 at 37°C.  Lane 4 contains 5µg of csp null RNA from exponential phase cells grown to 
OD600 ~0.3 at 37°C and cold shocked for 2 hours.  Invitrogen molecular weight RNA ladder from 


























































Figure 4-2 DNA agarose gel to show the products of primer pairs used in qRTPCR 
PCR products for each primer pair were synthesised over a range of temperatures 60, 62 and 64°C to 
determine the optimal annealing temperature and specificity.  See Chapter 2 Materials and Methods 
for PCR details and Table 4.1 for primers and annealing temperatures.  Purified PCR products were 
used for labelling in Northern analysis in Section 4.2.2 and 4.2.3.  100bp molecular weight ladders are 









































Table 4-1 Primers and annealing temperatures for each gene whose cold induction 




























Forward 5‟ GTTCAACGCTGATAAAGGCTTCGG 3‟ 
60 
Reverse 5‟ CAGGCTGGTTACGTTGCCAGC 3‟ 
nusA 
Forward 5‟ CACCACGAGCCGCCAGTTTG 3‟ 
60 
Reverse 5‟ GACCGTTGATGACTTGCAGGC 3‟ 
infB 
Forward 5‟ CGTCGTTGTAGTTCTTCACGCCG 3‟ 
62 
Reverse 5‟ CCGAAACCGACGCGACCCTGGC 3‟ 
rbfA 
Forward 5‟ GTCCTCCTTGCTGTCGTCCGGG 3‟ 
62 
Reverse 5‟ GGTCGCCCTCAGCGCGTAG 3‟ 
pnp 
Forward 5‟ CCACCATCAGCACAGCCGC 3‟ 
60 
Reverse 5‟ CCGGGCAGCTTCTTCCGTCG 3‟ 
csdA 
Forward 5‟ GCCACTGAAGCTACGACCACC 3‟ 
60 






Primers for the selected genes were designed to produce single products 
between approximately 100 and 300 bps located at the 5‟ termini within the ORF 
(see Figure 4.2).  The number of PCR templates in a reaction was quantified using 
the Invitrogen SYBRgreen qRTPCR Kit using the standard three phase program in 
the LightCycler 480 (see Materials and Methods section 2.2.3.3 for details and 
typical melting curve analysis, see Table 4.1 for primer specific annealing 
temperatures).  Raw qRTPCR data was standardised using the ΔCt method (see 
Materials and Methods section 2.2.3.3 for calculation and explanation).  Normal 
growth temperature and cold shocked samples were standardised using ribosomal 
16S.  Cold induction is recorded as the ratio between transcripts in 37°C samples and 
cold shocked samples, following ΔCt standardisation (Pfaffl, 2000).   
The induction ratios quantified by qRTPCR are displayed in Figure 4.3 (black 
bars) as the average induction ratio of three individual experiments, each with 
triplicate samples.  Standard deviation bars are displayed.  Induction ratios ≥ 2 (see 
broken line on Figure 4.3) with a P value <0.01 signify a significant increase in the 
level of gene expression at low temperature.  This data demonstrates that the six CS 
associated genes analysed were found to be significantly induced at low temperature.   
Figure 4.3 shows a comparison of the fold change observed in microarray 
analysis (white bars) and by qRTPCR (black bars).  The two different methods of 
analysis gave comparatively similar levels of induction for cspA and nusA.  The fold 
change in cspA observed by microarray analysis was 7.6 fold and by qRTPCR 9.6 
fold.  The induction ratio by microarray analysis for nusA was 8.1 fold and by 
qRTPCR, 6.6 fold.  Highly similar induction ratios were recorded by microarray and 
qRTPCR analysis for three of the genes, infB, rbfA and pnp, ~3 fold, ~5 fold and ~3 
fold respectively.  The remaining gene csdA was induced ~18 fold during microarray 
analysis.  However the induction ratio observed by qRTPCR was ~32 fold.   
Transcriptional activity does not always directly correlate to proteomic 
expression due to differences in the rate of translation and protein degradation.  
However the induction ratio of genes encoding Class I CSPs in the MetY operon, 
nusA and rbfA, were higher than those encoding Class II CSP infB.  Conversely the 
induction ratio of the two Class I CSPs in the S15 locus, pnp and csdA, did not show 
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the same correlation.  A comparatively low level of induction was observed for pnp 
and a remarkably high level of induction was observed for csdA. The microarray data 
revealed that at 37°C pnp was transcribed to an above average level whereas the 
expression of csdA at 37°C was below average.  This may provide insight into the 
relative differences in the fold change recorded. 
Given that the induction ratios recorded for all genes were highly 
comparable, with the exception of csdA, it is unlikely that the discrepancy in fold 
change induced by low temperature is due to any kind of difference in RNA quality 
or experimental artefact.  Both analysis methods rely on the detection of a particular 
transcript.  The qRTPCR experiments were designed to detect an approximate 300 bp 
region of the transcript corresponding to the 5‟ end of the ORF as dictated by the 
primers.  Conversely the DNA probes for microarray analysis were amplified using 
primers complementary to the 5´ and 3´ termini of the respective ORFs and were 
designed based on the gene sequences of S. typhimurium LT2.  The induction ratio 
for csdA by both analysis types is considerably higher than all the other genes 
investigated. 
Given the discrepancies between both the fold change observed for csdA 
between microarray analysis and qRTPCR and the comparative levels of induction of 
mRNA encoding other Class I CSPs, further analysis into the expression and 
processing of these transcripts at 37°C and 10°C was carried out.  Discrepancies have 
previously been reported in the induction ratios of cspA mRNA and it is believed this 
is due to the complexity of the regulatory mechanisms that control transcriptional 
activity and transcript stability (Brandi et al., 1999).  The five genes investigated in 
this study (aside from cspA) are located in polycistronic operons in the same region 
of the chromosome but in locations where regulation of gene expression is highly 
complex (see Figure 4.4).  Consequently further investigation into the low 













































Figure 4-3 Graph to show the induction ratio of genes at 10°C compared to 37°C in 
SL1344 cells 
Black bars show normalised induction ratios from qRTPCR.  White bars show normalised induction 
ratios of expression from microarray data from previous study (Hutchinson, 2005). Standard error bars 
















































Figure 4-4 Diagram to show the genetic arrangement of the MetY and S15 locus 
The MetY operon is shown in yellow and the S15 locu is shown in green, with promoters  (metYp1 to metYp3, S15p1 to S15p3) and terminators  (t1metY to 
t2metY t1S15 to t2S15) and REP elements   as annotated for E. coli MG1665 in Ecocyc.com.  Promoters which are known to be regulated by σ
70
 are shown.  S. 
typhimurium SL1344 exhibits the same genomic arrangements.  Probe regions are indicated on the diagram for each gene of interest (boxed in red). Probe regions 














































































































































































4.2.2 Northern Analysis investigating cold induction in the MetY 
and S15 loci 
 
The functional products and regulation of low temperature induction in the 
MetY operon and S15 locus has been most extensively studied in E. coli.  However 
literary reference to this region varies.  Bae et al (2000) considered these genes to lie 
within a single operon, the metY-rpsO operon as in E. coli metY is co-transcribed 
with pnp.  However Regnier & Portier (1986), described these genes to be located in 
two adjacent operons called the metY operon and the rpsO operon.  In this study, the 
MetY operon of S. typhimurium is considered to encode two tRNAs metY and truB 
and four mRNAs yhbC, nusA, infB, rbfA.  Adjacent to the MetY operon lies more 
than one operon referred to in this study as the S15 locus. This encodes one sRNA, 
psrO and four mRNAs including rpsO, pnp, nlpI and csdA.     
In E. coli the MetY operon, in the direction of transcription comprises of: 
metY, one of four methionine tRNAs involved in the initiation of protein synthesis; 
yhbC, a conserved protein that assists in the maturation of the 30S rRNA sub unit; 
nusA, encoding Class I CSP NusA the transcription termination/anti-termination L 
factor which plays a role in both Rho-dependent and intrinsic transcriptional 
termination at 37ºC and at low temperature; infB, encoding Class II CSP protein 
initiation factor IF2 which ensures the correct binding of fMet-tRNA
fMet
 in the 
ribosomal P site (Ishii, et al. 1984); rbfA, encoding Class I CSP ribosomal binding 
factor A which is essential for efficient maturation of 16S rRNA (Bylund, et al, 
1998); and truB, encoding tRNA(Ψ55) synthase which catalyzes pseudouridylation 
at position 55 in tRNAs and has been implicated in RNA chaperone activity (Hoang, 
et al., 2001). 
The S15 locus in the direction of transcription contains; rpsO encoding the 
S15 protein which is a member of the ribosomal protein subset that associates around 
the central domain of the 16S rRNA to make up the 30S subunit (Portier, et al., 
1990) ; psrO encoding antisense sRNA, SraG, with an unknown regulatory function; 
pnp encoding Class I CSP PNPase, the 3‟ exoribonuclease which promotes 
degradation of mRNA and is a primary component of the degradosome (Condon, et 
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al.,  2007); nlpL encoding a lipoprotein involved in cell division; and csdA encoding 
the Class I CSP, CsdA, a DEAD-box protein belonging to a family of RNA helicases 
(Charollais and Dreyfus, 2004).    
In E. coli, regulation within these operons is complex.  Three promoters have 
been identified in the MetY locus upstream of yhbC.  Three promoters have also 
been identified in the S15 locus upstream of pnp, two in the direction of transcription 
and one antisense promoter (see Figure 4.4).  Another promoter upstream of csdA has 
also been reported.  Furthermore multiple intrinsic terminators have been identified 
and it has been reported that many components are subject to post-transcriptional 
control (Portier et al., 1987; Robert-Le Meur and Portier, 1992; 1994; Hajnsdorf 
et al., 1994).  Two stem–loop structures in the 5‟ region of nusA are cleaved by 
ribonuclease III (RNase III), a double-stranded RNA-specific endoribonuclease 
(Regnier and Portier, 1986; Regnier and Grunberg-Manago, 1989; 1990; Nicholson, 
1997).    Furthermore a Repetitive Extragenic Palindrome (REP element) has been 
identified between infB and rbfA which may act to stabilize mRNA or as a DNA 
gyrase binding target (Keseler, 2009).  Another two intrinsic terminators, also 
cleaved by RNase III, have been identified; one upstream and one downstream of 
pnp (see Figure 4.4). 
Bae et al., (1999) has shown in E. coli that the in vivo activation of these cold 
shock operons occurs at the level of anti-termination.  These studies also 
demonstrated that CspA paralogues act as transcription anti-terminators and the 
addition of recombinant Csp proteins from E. coli to an in vitro system has been 
shown to increase read through efficiency at several intrinsic terminators.  It has 
subsequently been proposed that CspA family-induced transcription anti-termination 
is responsible for the increased expression of nusA, infB, rbfA, and pnp, in E. coli at 
low temperature (Bae et al., 1999). 
To date, this region has only been studied in detail and reported for E. coli.  
Although this provides great insight into the expression, function and regulation of 
these operons, it must be considered that these organisms differ to a degree at the 
nucleotide level.  The nucleotide identity of genes in this region between E. coli and 
S. typhimurium ranges from 84% to 100% (see Table 4.2). 
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Although microarray analysis and qRTPCR have provided evidence of the 
low temperature induced expression of these genes, Northern analysis provides a 
visual assessment and insight into the processing events and transcript size within 
these operons.  Consequently changes in the transcriptional profile of nusA, infB, 
rbfA, pnp and csdA at 10°C, compared to 37°C, have been analyzed in SL1344 cells 
by Northern analysis.  In view of the proposed role for the CspA family as 
transcription anti-terminators in vivo in the MetY and S15 loci (Bae et al., 1997), 
transcript expression in these highly complex and tightly regulated regions was also 
analysed in the csp null strain (lacking all six CspA paralogues in S. typhimurium).  
As Northern analysis facilitates interpretation of transcripts and insight into 
processing events, it was employed to establish whether induction of transcripts in 
these operons is through anti-termination events and whether it is dependent on 
CspA paralogues.   
 
Table 4-2 The corresponding gene and nucleotide identity of the genes in the MetY 
operon and S15 locus between S. typhimurium SL1344 and LT2 and E. coli. 
The ORF or transcriptional unit has been compared where appropriate. 
  
Gene in SL1344  
Annotation in 
LT2/E. coli 
% nucleotide identity in 
LT2 
% nucleotide identity E. 
coli 
SL3261 yhbC 100 88 
SL3260 nusA 99 88 
SL3259 infB 100 91 
SL3258 rbfA 100 100 
SL3257 truB 100 84 
SL3256 rpsO 100 93 
SL3255 Pnp 100 91 
SL3254 nlpI 100 94 
SL3253 csdA 99 91 
 
 
Three individual experiments were carried out in which RNA samples were 
prepared from cultures at normal growth temperature and at low temperature.   100 
ml of LB containing antibiotics where appropriate (see Materials and Methods Table 
2.2) of a one in one hundred dilution of an overnight culture was grown at 37ºC with 
shaking at 200rpm to exponential phase (OD600 0.3) for SL1344 and csp null cells.   
50 ml of this culture was then cold shocked at 10°C with shaking at 200rpm for two 
hours.  1 ml of culture from the 37°C sample (taken at T0) and 1ml from the cold 
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shocked sample were pelleted by centrifugation at 4°C to prevent RNA degradation.  
RNA was stabilised using a standard phenol ethanol precipitation (Sato, 1995) and 
subsequently extracted using the Promega Total Isolation Kit (see Material and 
Methods Section 2.2.3.1).  RNA was quantified using a Nanodrop 1000 
spectrophotometer (Thermo Scientific) to standardise RNA levels between samples.  
5µg of RNA from each sample was separated by agarose gel electrophoresis in a 
ribonuclease free environment (RNA agarose electrophoresis gels are shown below 
the corresponding Northern blot analysis).  RNA was then transferred to a 
nitrocellulose membrane (Amersham XL Hybond) using downward capillary transfer 
as described by Ambion Technical bulletin (see Methods section 2.2.3.2).  RNA was 
subsequently auto-cross linked to the membrane using a Stratagene UV cross-linker.  
The primers designed for use in qRTPCR experiments were used to generate purified 
PCR products for nusA, infB, rbfA, pnp and csdA (Figure 4.2).  These were radio-
labelled with [α
32
P]dCTP using the Roche High Prime DNA Labelling Kit for 
detection of the corresponding transcript in Northern hybridisation.  Northern 
hybridisation was carried out as described by Maniatis et al., 1989 with slight 
deviations from the method (which are outlined in Chapter 2 Methods Section 
2.2.3.2).  Membranes were wrapped in Saran wrap and exposed to an Amersham 








4.2.2.1 Low temperature induction of pnp and csdA in S. 
typhimurium occurs through anti termination 
events and is independent of CspA paralogues 
 
Ai.  Analysis of transcripts at 37°C and 10°C using a probe for pnp in SL1344 
cells  
 
Northern analysis was carried out on RNA from SL1344 cells to examine the 
changes in the transcription profile of the pnp transcript during cold acclimation.  A 
radioactively labelled probe for pnp (~300 bps in length) that spans the 5‟ end of the 
coding region of pnp mRNA detected three bands at 37°C corresponding to 
transcripts of ~1kb, ~1.3kb and ~2.2kb in length (see Figure 4.5 Lane 1).  In E. coli, 
two promoter sequences have been identified for pnp, p1S15 and p2S15, located 
upstream and downstream of rpsO respectively (Favaro and Deho, 2003). Over 80% 
of transcription at 37°C in this operon is derived from p1S15, indicating that 
termination at the terminator t1S15 downstream of rpsO is not absolute (Evans et al, 
1985).  In E. coli it has been shown that in the 5‟ pnp leader sequence, there is a 
cleavage site for RNase III and the mRNAs are efficiently cleaved, whether they are 
transcribed either from p1S15 or p2S15, and extend to the terminator site t2S15.  
Consequently pnp transcripts are approximately 2250 nts in length (Regnier & 
Portier, 1986). 
   The highest band detected at 37°C (~2.2kb) corresponds to the full length 
pnp transcript extending from p1S15 to t2S15.   The smaller bands are transcripts that 
have been terminated at an earlier point or have undergone post-transcriptional 
processing events (see Figure 4.8).  Studies in E. coli have shown that at 37ºC, 
expression of PNPase is auto-regulated, both at the transcriptional level and by the 
stability of the RNase III processed transcript (Jarrige, et al, 2001).  PNPase binds to 
the 5‟ region of the downstream transcript resulting from cleavage by RNase III, 
preventing translation and destabilizing the mRNA.  In Figure 4.5 the intensities of 
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the signals detected at 37°C are low and the bands are notably diffuse suggesting a 
low level of transcription and/or a high rate of degradation at normal growth 
temperature.  This data correlates with the low level of expression of PNPase 
observed at normal growth temperature in E. coli (Robert-Le Meur and Portier, 
1992).  
A considerable change in the transcriptional profile was observed in the cold 
shocked sample.  Following low temperature incubation at 10°C for two hours, five 
bands were detected corresponding to transcripts of ~1kb, ~1.3kb, ~2.2kb, ~3.3kb 
and ~5.5.kb in length (see Figure 4.5 Lane 2).  The intensities of the signals detected 
at 10°C were significantly higher for the three bands of the same size detected at 
37°C (~1kb, ~1.3kb, ~2.2kb).  This demonstrates that at low temperature there is a 
higher rate of transcription or a reduction in RNA processing leading to an 
accumulation of RNA.  Taking into account the probe for pnp was located within the 
5‟ end of the coding region of the pnp mRNA, this data indicates that the two higher 
transcripts detected only at low temperature (~3.3kb and ~5.5kb) are initiated at the 
5‟end of the pnp transcript and extend past the 3‟ end of the pnp transcript to 
different points along the operon (see Figure 4.8).  This makes evident that anti-
termination events take place in S. typhimurium at low temperature giving rise to 
read through at intrinsic terminators resulting in longer transcripts.  The bands 
detected in cold shocked samples are also more discrete than those observed at 37°C 
demonstrating an increase in the stability of these transcripts at low temperature.   
Studies in E. coli have been carried out with late exponential phase cells (OD 
600 ~0.8) to investigate the expression of pnp transcripts in the cold acclimation phase 
(Zangrossi et al., 2000).  These show that pnp transcripts are strongly and transiently 
increased during the first hour of cold acclimation (Figure 4.6 A and B).  It has also 
been shown that the increase in transcript abundance and the longer transcripts 
observed at low temperature arise through anti-termination at intrinsic terminators 
and through the stabilization of the mRNA.  By hybridisation with different probes 
Zangrossi et al. (2000) demonstrated that the 5.4kb transcript spans from pnp to 
csdA.  They also demonstrated, through analysis of the rate of pnp mRNA decay 
after rifampicin treatment before cold shock and during the acclimation phase, that 
cold induced transcripts were more stable (see Figure 4.6C). 
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Aii. Analysis of transcripts at 37°C and 10°C using a probe for pnp in csp null 
cells   
 
To establish whether CspA paralogues play a role in mediating the anti-
termination events in the pnp transcripts during cold acclimation in E. coli, 
investigation into their role in the induction of these transcripts in S. typhimurium 
was carried out.  To examine the changes in the transcription profile of the pnp 
transcript in csp null cells during cold acclimation, the same radioactively labelled 
probe for pnp, used in SL1344 analysis, was used.  The same transcriptional profile 
was seen at 37°C as that seen in SL1344 cells (see Figure 4.5 Lane 3).  This 
demonstrates that the CspA paralogues do not play a substantial role in the 
expression of this transcript at normal growth temperature. 
At 10°C the transcriptional profile in csp null cells was highly comparable to 
that observed in SL1344 cells (see Figure 4.5 Lane 4).  However the transcripts were 
more abundant demonstrating a higher rate of transcriptional activity and or a 
reduced rate of degradation or a reduced rate of translation and an additional band, at 
~1.7kb, was observed.  The 1.7kb band suggests the CspA paralogues play a role at 
the post transcriptional level of regulation of this mRNA at low temperature.  This 
study demonstrates that cold induction of the pnp transcript and anti-termination 


































Figure 4-5 Northern analysis of SL1344 and csp null cells at 37°C (OD600 0.3) and after 
2 hours at 10°C probing for pnp 
Radioactive probe labelled with [α
32
P]dCTP corresponding to 5‟ region of the pnp ORF.  RNA 
ladders from agarose gel (1.5% w/v) are shown in line with the blot (kb) and ribosomal RNA is shown 
below to demonstrate equal loading.  See Figure 4.6 for genetic arrangement of the S15 operon in E. 
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Figure 4-6A: Figure adapted from Zangrossi et al. (2000).  Northern blot analysis of 

















Fig.4.6B: Figure taken from Zangrossi et al. (2000).  A map of the E. coli pnp region.  
A map of genes and sites at 71 min in the E. coli map is drawn to scale based on the annotated E. coli 
genome sequence. Co-ordinates in the kb scale refer to EMBL Accession No. AE000397. Open 
boxes, genes (position above and below the line denotes leftwards and rightwards transcription-
translation respectively); bent arrows, promoters; hanging balls (putative) intrinsic terminators; 
scissors, RNase III processing site. Middle part (probes): closed bars, riboprobes; arrowheads, 
oligonucleotides, used for transcript mapping. Lower part: Transcripts. The panel is a compilation of 
several Northern blot hybridization results. Large arrow heads represent the pnp transcripts (detected 
by the R3riboprobe and O6 oligo); small arrow heads represent other transcripts mapped by 
hybridization with the other probes. Transcript length, indicated in kb, was determined by comparison 
to molecular weight markers and internal standards (rRNAs and transcripts with precisely mapped 5‟ 
and 3‟ ends); 5‟ and 3‟ ends of the transcripts in the left part of the panel were mapped by Northern 







Cultures were grown in LD at 37°C with aeration up 
to OD600 ~ 0.8 and quickly transferred at 16°C. 
Aliquots were sampled immediately before (0) and 
at different times after the temperature downshift 
(indicated in min above the lanes); RNA was 
extracted, resolved by 1.5% (w/v) agarose gel 
electrophoresis and analysed by Northern blot 
hybridization with the radiolabelled riboprobe R3 
(see part B). The sizes of the RNAs are indicated (in 
kb) on the left 
 
Fig. 4.6C:. Figure adapted from Zangrossi 
et al (2000).  Stability of pnp transcripts in 
E. coli after cold shock  
(samples and conditions for growth are described 
in part B.  Immediately before (0 min), 20 min 
and 60 min after the temperature downshift, 
samples were taken, 400 mg/ml rifampicin was 
added and incubation continued at the same 
temperature. Aliquots were sampled at different 
times (indicated, in min, above the lanes) after 
treatment with rifampicin, RNA was extracted 
and processed as described in legend to part B. 
Hybridization was performed with the 
radiolabelled riboprobe R3 – see Figure 4.6 
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Bi. Detection of transcripts at 37°C and 10°C using a probe for csdA  
 
Downstream of pnp lies the cold induced transcript encoding CsdA.  
Northern analysis was carried out on RNA from SL1344 cells to examine the 
changes in the transcription profile of the csdA transcript during cold acclimation in 
S. typhimurium.  A radioactively labelled probe for csdA that spans the 5‟ end of the 
coding region of csdA mRNA detected no bands at 37°C (see Figure 4.7 Lane 1).  
Although levels of CsdA are detectable at 37°C in E. coli it is defined as a Class I 
CSP, this data suggests a low level of transcriptional activity of csdA mRNA, a high 
rate of mRNA turnover or a high level of degradation at 37°C in S. typhimurium. 
 A dramatic change in the transcriptional profile was observed in the cold 
shocked sample.  Following low temperature incubation at 10°C three bands were 
detected by the csdA probe at ~1.3kb, ~2.6kb and ~5.5kb (see Figure 4.7 Lane 2).  
The ORF of csdA is 1890 nucleotides in length.  In E. coli a putative promoter for 
this gene lies ~300 nucleotides upstream of the coding region and therefore the main 
signal detectable at 10°C, at ~2.6kb, corresponds to a mature monocistronic csdA 
mRNA initiated at p3S15 (see Figure 4.8).  Given the fact that the probe covers the 5‟ 
end of the csdA coding region, the lower band is presumably a transcript that has 
been terminated before the 3‟ end of the gene or it is the result of post transcriptional 
processing of the mature transcript.  This analysis also provides insight into the 
nature of the ~5.5kb transcript detected at low temperature by pnp.  The higher band 
corresponding to a transcript of ~5.5kb detected by the probe for csdA is 
approximately the same length as the longest transcript detected at low temperature 
using the probe for pnp.  This is in agreement with the interpretation that the ~5.5kb 
transcript spans from pnp to csdA and demonstrates that anti termination events 
result in the co transcription of pnp and csdA at low temperature in S. typhimurium, 
corresponding to the transcriptional profile seen in E. coli studies (Zangrossi et al ., 




























Figure 4-7 Northern analysis of RNA from SL1344 and csp null cells at 37°C (OD600 0.3) 
and after 2 hours at 10°C probing for csdA 
Radioactive probe labelled with [α
32
P]dCTP corresponding to the 5‟ end of the csdA ORF.  RNA 
ladders from agarose gel (1.5%) are shown in line with the blot (kb) and ribosomal RNA is shown 
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B ii. Analysis of transcripts at 37°C and 10°C using a probe for csdA in csp null 
cells  
 
The role of CspA paralogues in the cold induction of csdA was also 
investigated.  To examine the changes in the transcription profile of the csdA 
transcript in csp null cells during cold acclimation, the radioactively labelled probe 
for csdA, used in SL1344 analysis was employed.  The same transcriptional profile 
was seen at 37°C and 10°C as that seen in SL1344 cells (see Figure 4.7 Lanes 3 and 
4).  This data demonstrates that cold induction of pnp and csdA transcripts and anti- 
termination in this region occurs independently of CspA paralogues at low 
























Figure 4-8 Diagram to show the genetic arrangement of the S15 operon and the length of transcripts detected during Northern analysis of 
S. typhimurium SL1344  
Cells at 37°C and 10°C using probes for pnp and csdA.  The position of the probes corresponding to pnp and csdA are shown on diagram by double ended arrows.  
The number line indicates the approximate number of base pairs.
2136nts 
NO TRANSCRIPTS csdA 
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4.2.2.2 At low temperature induction of nusA, infB and 
rbfA in S. typhimurium occurs through anti-
termination, and regulation is mediated by CspA 
paralogues 
 
Ai. Analysis of transcripts at 37°C and 10°C using a probe for nusA in SL1344 
cells 
 
Immediately upstream of the S15 locus encoding pnp and csdA, is the MetY 
operon which encodes three CSPs, NusA, Initiation Factor 2 (IF2) and RbfA (see 
Figure 4.4).  Northern analysis was carried out in SL1344 cells to examine the 
changes in the transcription profile of the nusA transcript during cold acclimation 
using a radioactively labelled probe for nusA, that spans the 5‟ end of the coding 
region of nusA mRNA.   An extremely faint band at slightly >2kb was detected at 
37°C (see Figure 4.9 Lane 1).  The nusA ORF is 1488 nucleotides in length.  
However there are multiple promoter regions between ~300bp and 800bp upstream 
of the coding region.  It seems the band detected at 37°C, most likely corresponds to 
monocistronic nusA mRNA (see Figure 4.12).  Given NusA is a Class I CSP and 
levels of protein expression at 37°C are constitutively low, the low level of signal 
intensity of this band suggests the level of transcription is low and or the rate of 
degradation is high.   
Following low temperature incubation at 10°C no distinct bands were 
detected, however a diffuse signal was observed spanning from <1kb to ~5kb (see 
Figure 4.9 Lane 2).  This suggests a higher rate of transcriptional activity or reduced 
degradation at 10°C of nusA mRNA compared to 37°C.  In view of the fact that 
NusA is highly expressed in response to cold shock in E. coli (Jones et al., 1987) the 
diffuse signal and low intensity suggests a high rate of RNA processing and 
translational efficiency.  In Figure 4.9 the probe covered the 5‟ end of the coding 
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region and therefore the longer transcripts observed at 10°C suggest that anti 
termination events in this operon arise at low temperature (see Figure 4.12). 
Studies in E. coli have previously detected cold induction by probing for 
transcripts in the MetY operon at low temperature.  These studies detected multiple 
diffuse bands between ~1 and 4.8kb and a longer transcript at ~6.7kb, indicative of 
read-through past rbfA and into pnp (Bylund, et al., 2001).  The longer transcript 
(~6.7kb) seen in E. coli studies was not detected using a probe for nusA in S. 
typhimurium cells in the present investigation, demonstrating that termination at the 
3‟ end of infB is effective in S. typhimurium at low temperature under the conditions 
























































Figure 4-9 Northern analysis of RNA from SL1344 and csp null cells at 37°C (OD600 0.3) 
and after 2 hours at 10°C probing for nusA 
A radioactive probe corresponding to the 5‟ end of the nusA ORF was used.  RNA ladders from 
agarose gel (1.5% w/v) are shown in line with the blot (kb) and ribosomal RNA is shown below.  See 




































Aii. Analysis of transcripts at 37°C and 10°C using a probe for nusA in csp null 
cells   
 
In E. coli CspA paralogues have been implicated in the regulation of anti 
termination events at low temperature in the MetY operon in E. coli (Bae et al., 
2000).  Using the same radioactively labelled probe for nusA as used in SL1344 
analysis changes in the transcriptional profile in csp null cells during cold 
acclimation were analysed.  No discrete transcripts were observed at 37°C in csp null 
cells (see Figure 4.9 Lane 3).  However at 10°C two discrete and abundant bands 
were visualised corresponding to transcripts of ~6kb and ~8 kb.  Also a diffuse signal 
was detected spanning from ~1.5 kb to ~6 kb (see Figure 4.9 Lane 4). 
The data suggests that CspA paralogues play a role in transcription and RNA 
processing events at low temperature as the length and abundance of transcripts 
detected in csp null cells are much greater than those detected in SL1344 cells 
following cold shock.  However the CspA paralogues are not required for low 
temperature anti-termination events in the MetY operon as they proceed in the 
absence of CspA paralogues. This is evident from the length of the transcripts 
detected at low temperature.  Anti-termination events seem to occur more readily, 
and mRNA transcripts are more stable, in the absence of CspA paralogues which 
indicates they play a role in destabilizing and processing these RNAs.  It is of note 
that the 8kb transcript was not detected during analysis of the downstream genes, pnp 
and csdA, which suggests the transcript does not result from anti-termination and 
read through at terminators at the start of the S15 locus (see Figure 4.4).  It seems 







Bi. Analysis of transcripts at 37°C and 10°C using a probe for infB in SL1344 
cells 
 
To further analyse the changes in the transcriptional profile in this region at 
low temperature Northern analysis was carried out in SL1344 cells using a probe for 
infB. No signal was detected at 37°C using a radioactively labelled probe for infB 
that spans the 5‟ end of the coding region of infB mRNA (see Figure 4.10).  The infB 
gene encodes IF2, one of three protein initiation factors.  Given the importance of 
this protein in translation and its constitutive expression at 37°C, the lack of 
detectable transcript demonstrates a high rate of translational efficiency of this 
transcript in S. typhimurium. 
Following low temperature incubation at 10°C a low intensity diffuse signal 
was detected spanning from ~5kb to ~1.5kb (see Figure 4.10 Lane 2).  This suggests 
that the transcriptional activity of infB is increased at low temperature correlating 
with its classification as a Class II CSP.  The diffuse signal detected from ~5kb and 
below indicates that anti-termination events have given rise to longer transcripts.  
The length and stability of the signal detected at 10°C correlates with the 
transcriptional profile observed for nusA analysis.  This demonstrates that low 
temperature anti-termination results in mRNA spanning nusA and infB, which has a 
high turnover rate.  The longest transcript at low temperature (~5kb) most likely 
corresponds to initiation of transcription at the promoter regions that lie between 
~300bp and 800bp upstream of the coding region of nusA and proceed to the intrinsic 






























Figure 4-10 Northern analysis of RNA from SL1344 and csp null cells at 37°C (OD600 
0.3) and after 2 hours at 10°C probing for infB  
A radioactive probe corresponding to the 5‟ end of the infB ORF was used.  RNA ladders from 
agarose gel (1.5% w/v) are shown in line with the blot (kb) and ribosomal RNA is shown below.  See 










































Bii. Transcripts at 37°C and 10°C using a probe for infB in csp null cells   
 
To further examine the role of CspA paralogues in the regulation of the MetY 
operon at low temperature analysis of the transcription profile of the infB transcript 
in csp null cells during cold acclimation was carried out using the radioactively 
labelled probe for infB used in SL1344 analysis.  No discrete transcripts were 
observed at 37°C (see Figure 4.10 Lane 3).  However at 10°C two discrete and 
abundant bands were visualised corresponding to transcripts of ~5kb and ~8kb (see 
Figure 4.10 Lane 4).  A diffuse signal was also detected spanning from the ~1.5kb  to 
>8kb.  These bands correspond in size to those observed using the nusA probe 
indicating that the 8kb band and the 5 to 6 kb transcript span both nusA and infB (see 
Figure 4.12).  This profile is comparative to the data for nusA transcripts in the csp 
null cells supporting the hypothesis that CspA paralogues play a role in the mediation 
of transcriptional and post transcriptional regulation of transcripts in this region at 
low temperature.  As the 8kb transcript was detected while probing with nusA and 
infB but not pnp and csdA it further implies that transcription must start further 
upstream at or beyond the metY promoters and terminates before pnp. 
 
Ci.  Analysis of transcripts at 37°C and 10°C using a probe for rbfA by 
Northern analysis   
 
Northern analysis was carried out on RNA from SL1344 cells to examine the 
changes in the transcription profile of rbfA during cold acclimation.  At 37°C a signal 
was detected at ~1kb using a radioactively labelled probe for rbfA that spans the 5‟ 
end of the coding region of rbfA mRNA (see Figure 4.11 Lane 1).  The ORF of rbfA 
mRNA is 402 nucleotides in length and a terminator has been reported in E. coli 
between infB and rbfA.  Given RbfA is categorised as a Class I CSP the level of 
signal intensity of this band suggests the level of transcription is low, equally the rate 
























Figure 4-11 Northern analysis of RNA from SL1344 and csp null cells at 37°C (OD600 
0.3) and after 2 hours at 10°C prpobing for rbfA 
A radioactive probe corresponding to the 5‟ end of the rbfA ORF was used.  RNA ladders from 
agarose gel (1.5% w/v) are shown in line with the blot (kb) and ribosomal RNA is shown below to 
demonstrate equal loading.  See Figure 4.10 for genetic arrangement of the MetY operon of E. coli 











































Following low temperature incubation at 10°C a diffuse signal was detected, 
from which five discrete bands are identifiable that spanned between ~0.5 and 2.5kB 
(see Figure 4.11 Lane 2).  The increase in the intensity of the signal detected at low 
temperature demonstrates an increase in the transcriptional activity of rbfA and or 
stability of its RNA.   However it is not clear where transcription of rbfA is initiated.  
Cold induced transcription of rbfA has been reported in E. coli to arise from metY 
promoters.  However this study does not show the same transcriptional profile in S. 
typhimurium for rbfA as for nusA and infB.  As no long transcripts were detected 
when probing with rbfA it suggests a promoter may be present between infB and rbfA 
which has not previously been identified.    Alternatively, processing and rapid 
cleavage of upstream RNA could be occurring. 
 
Cii. Transcripts at 37°C and 10°C using a probe for rbfA in csp null cells 
 
To examine the changes in the transcription profile of the rbfA locus in csp 
null cells during cold acclimation the radioactively labelled probe for rbfA used in 
SL1344 analysis was used for Northern blot analysis.  Samples were prepared as 
before.  Similarly to the profile observed in SL1344 cells at 37°C there was one band 
visible at ~1kb (see Figure 4.11 Lane 3).  However at 10°C one discrete band was 
observed at ~3.5kb and a diffuse but abundant signal was detected between ~0.5kb 
and <3.5 (see Figure 4.11 Lane 4).  This demonstrates, as for nusA and infB, that 
CspA paralogues play a role in regulating transcriptional events at low temperature 
in this region.  Although it indicates that anti-termination events at low temperature 
occur in the absence of CspA paralogues, it shows that cold induction and regulation 


































Figure 4-12 Diagram to show the genetic arrangement of the MetY operon  
Genetic arrangement of the MetY operon in E. coli  with promoters       (p1secG, p2secG, p3secG, p1MetY, p2MetY & p3MetY) and terminators      (t1metY, t2metY 
and t3metY) as annotated for E. coli MG1665 in Ecocyc.com.  Possible transcript lengths are indicated underneath gene arrangement from Northern analysis of 
nusA, infB and rbfA in Figures 4.7, 4.8 & 4.9 respectively.
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4.3.1 In vivo evidence of cold induction of nusA, infB, rbfA, pnp 
and csdA and anti termination events at low temperature in 
this region of the genome of S. typhimurium SL1344 
 
By qRTPCR and Northern analysis this study has confirmed the low 
temperature induction of gene expression of nusA, infB, rbfA, pnp and csdA in S. 
typhimurium SL1344, in agreement with observations from previous microarray 
analysis (Hutchinson, 2005).  The Northern analysis carried out in this study on RNA 
from SL1344 cells provides evidence, that in S. typhimurium, activation of 
transcription of pnp and csdA in the S15 locus occurs separately to that of nusA, infB 




At 37°C a transcript corresponding to the length of pnp (~2.5kb) and smaller 
transcripts, presumably resulting from RNA processing events were detected using a 
probe for pnp.  However, no transcripts were detected using a probe for csdA 
suggesting that termination occurs.  At 10°C transcript abundance using both probes 
was increased.  This demonstrates that transcriptional activity and or RNA stability is 
increased at low temperature.  In E. coli studies show that although the level of 
PNPase is not increased at low temperature (10°C) in E. coli until post acclimation, 
the auto-regulatory mechanisms controlling pnp mRNA level is transiently 
inactivated leading to an accumulation of transcript (Gualerzi, et al, 2003).  In the 
present study transcript length was also increased at low temperature demonstrating 
anti-termination events occur.  A ~5.5kb transcript was detected using both probes 
(pnp and csdA) correlating with a transcript initiated at p1S15 or p2S15 and 
terminated at the 3‟ end of csdA.  This suggests that in S. typhimurium low 
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temperature induced anti-termination events take place at the intrinsic terminator 
t2S15 at the 3‟ end of pnp giving rise to a transcript spanning pnp and csdA in the 
S15 locus.   
The shorter transcripts detected following cold shock, using both probes, 
ranging from 1kb or 1.5kb are most likely degradation products resulting from 
endonucleolytic cleavage of processed mRNA.  RNase III has been shown to process 
the pnp transcript and a functional interaction between RNaseE and CsdA has been 




Present information for E. coli in relation to the regulatory mechanisms in the 
MetY operon include its transcription from two promoters, p1metY and p2metY 
(Granston, et al 1990), and a minor promoter between metY and yhbC, p3metY 
(Zaslaver, et al., 2006), see Figure 4.12.  Cleavage by RNase III at sites between 
metY and yhbC on the polycistronic mRNA initiates the rapid degradation of the 
downstream RNA (Regnier, et al., 1990).  The present study in S. typhimurium using 
probes for nusA, infB & rbfA shows that at 37°C transcripts in the MetY operon, 
were barely visible.  This indicates a low level of initiation of transcription, and or 
unstable mRNA, analogous to studies of this region in E. coli. 
This present study also shows that transcript abundance and length are 
increased during cold acclimation in S. typhimurium in the MetY operon.  Cold 
induction of these transcripts is believed to be via anti termination events at low 
temperature.  In E. coli anti termination at the internal transcriptional terminators 
located between metY and yhbC and the REP elements between infB and rbfA 
(Keseler, 2009) would result in longer transcripts.  At 10°C comparable 
transcriptional profiles were observed using probes for nusA and infB at low 
temperature, with a diffuse signal between ~1kb and ~5kb detected.  This indicates 
transcript abundance and anti-termination is increased at low temperature.  Using a 
probe for rbfA the transcripts detected were between ~1kB and ~3kB.  This suggests 
that the longer cold induced transcripts detected using probes against nusA and infB 
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do not include rbfA.  Studies in E. coli have shown that nusA, infB and rbfA are co-
transcribed (Bylund, et al., 2001). In contrast to data for E. coli, in S. typhimurium 
this current study indicates that transcription of rbfA may be initiated from a 
promoter downstream of the metY promoters but is not co-transcribed with nusA and 
infB.  Alternatively, very rapid processing may be occurring within this mRNA.  This 
work also demonstrates that low temperature anti-termination events take place in the 
MetY operon more readily at low temperature and provides in vivo evidence that 
cold induced transcripts are subject to processing and instability. 
 
4.3.2 Low temperature regulation of the cold induction of nusA, 
infB and rbfA is dependent on CspA paralogues  
 
It has been speculated in E. coli that the cold induction of nusA, infB, rbfA 
and pnp occurs through anti-termination that is mediated by CspA paralogues (Bae et 
al., 1999).  The current study demonstrates that at 37°C CspA paralogues do not play 
a major role in the expression of genes in these operons at normal growth 
temperature.  Moreover it demonstrates that at 10°C regulation of transcription at 
low temperature, of nusA, infB and rbfA, is influenced by CspA paralogues.  The 
transcriptional profiles of csp null cells at low temperature were significantly 
different to the low temperature transcriptional profile of SL1344 cells.  In the 
absence of CspA paralogues abundant, discrete transcripts were detected using all 
three probes.  Thus, the increase in signal detected suggests that CspA paralogues 
play a role in reducing activity in this region.  The increased transcript length 
suggests that CspA paralogues play a modulating role in post-transcriptional 
processing events, and/or regulating RNA stability.  For nusA and infB, in csp null 
cells, transcripts of 6kb and 8kb were observed; whilst for rbfA the longest transcript 
detected was ~3kb.  This makes evident that termination and processing events at 
low temperature in this region are regulated by CspA paralogues.   
The 8kb transcript detected using nusA and infB probes in the csp null cells 
but not detected in analysis carried out on rbfA further downstream, curiously  
suggests that in the absence of CspA paralogues, transcription arises from a promoter 
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~4kb upstream of the MetY operon.  This transcript would therefore span yhbX and 
argG, the latter of which is transcribed in the opposite direction.  Studies in E. coli 
have shown that the cAMP-catabolite activator protein (CAP) complex, a pleotropic 
regulator, activates argG transcription and inhibits metY transcription from the same 
DNA position.  This study also showed that ArgR, the specific repressor of the 
arginine biosynthetic pathway together with its arginine cofactor, acts on the 
regulation of metY mediated by CAP.  This suggests a link between carbon 
metabolism and translation initiation (Krin, et al., 2003).  It also demonstrates that 
regulation of the metY operon is associated with expression of the argG operon 
supporting the proposal that these operons are co-transcribed in the absence of CspA 
paralogues.  The work in the present study indicates that CspA paralogues play an 
important and specific role in the regulation of gene expression at low temperature in 
this region.   
As long transcripts were not detected when probing with rbfA termination 
occurs upstream of rbfA and transcription begins 8kb upstream of rbfA.  This also 
suggests that anti-termination events occur at terminator sites until t3metY in 
between infB and rbfA independently of CspA paralogues.  A discrete band of ~3.5kb 
was detected when probing for rbfA which was not detected using upstream probes, 
nusA and infB, in the MetY operon.  This suggests that there may be a transcriptional 
start site which functions at low temperature in the absence of CspA paralogues, 
located in between infB or rbfA.   
This work shows that in the MetY operon in the absence of CspA paralogues 
transcription and RNA processing are dramatically altered and mRNA is more stable.  
This makes evident the role of CspA paralogues in destabilizing RNA in the MetY 
operon and mediating RNA processing at low temperature.  A previous study has 
indicated that CspA paralogues facilitate RNA processing and degradation at low 
temperature possibly by destabilizing secondary structures and facilitating RNase 
activity (Gualerzi, et al., 2003).  RNA secondary structure is known to inhibit various 
cellular functions such as translation and RNA processing (Alifano, et al., 1994).  
Destabilization of transcription elongation complexes is caused by hairpin formation 
of nascent RNAs leading to pausing or intrinsic termination (Korzheva and Mustaev, 
2001).  RNA hairpins become more stable at low temperature (Uhlenbeck, et al., 
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2004).  This may be the target via which CspA paralogues mediate transcriptional 
and post transcriptional events in the MetY operon.  However these paralogues may 
act in other ways through RNA binding, e.g., by inhibiting back tracking at pause 
sites (Nogueira and Springer, 2000). 
In E. coli CspE has been shown by RNA–protein cross linking to interact 
with nascent RNA chains during transcription elongation in vitro.  Furthermore, 
purified CspE has been shown to interfere with Q-mediated transcription anti-
termination (Hanna and Liu, 2000).  It has also been shown that CspA, CspE, and 
CspC function as transcription anti-terminators at ρ-independent terminators in vitro 
and it has been suggested that this occurs by preventing the formation of secondary 
structures in the nascent RNA (Bae, et al., 1999).  
The amino acid sequence of CspA shows 43% identity to the “cold-shock 
domain” of the eukaryotic Y-box protein family and interacts with RNA and DNA to 
regulate function.  It has been shown in vitro that CspA cooperatively binds RNA or 
single-stranded DNA without apparent sequence specificity and that it acts as an 
RNA chaperone (Bae et al., 1999).  A specific interaction of CspE with nascent RNA 
has also been demonstrated (Hanna and Liu, 1995). Thus, CspA paralogues might be 
able to differentiate between nascent RNA chains and the rest of the cellular RNA, 
and specifically target transcription elongation complexes. 
This work provides evidence that cold induced transcription in the MetY 
operon is regulated by the CspA paralogues at the transcriptional level through 
mediation of termination events and RNA stability.  It shows that cold induced anti-
termination and read through is not dependent on CspA paralogues as previously 
suggested for E. coli by Gualerzi, C. O. et al (2003).  In addition, the current study 
shows that CspA paralogues reduce RNA stability in the MetY operon at low 
temperature and mediate post-transcriptional processing events most likely through 
destabilising RNA secondary structures.     
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4.3.3 Cold induced anti-termination and transcriptional activity of 
pnp and csdA occurs independently of CspA paralogues 
 
Although the regulatory mechanisms of pnp and csdA and the role of CspA 
paralogues in their cold induction have been considered in other works (Bae et al. 
1999), this study provides in vivo evidence that cold induced anti-termination in S. 
typhimurium of pnp and csdA occurs independently of CspA paralogues.  The 
transcriptional profiles of the csp null strain and SL1344 cells using probes for pnp 
and csdA were highly comparable.  The ~5.5kb transcript that spans the S15 locus is 
transcribed in the absence of CspA paralogues demonstrating that in S. typhimurium 
they are not required for anti-termination events, as previously speculated in E. coli.  
An additional transcript was detected at 10°C in the absence of CspA paralogues 
which demonstrates that they are likely to play a role in the RNA processing in this 
region at low temperature.   This provides further support for their role in modulating 
RNase activity, and RNA cleavage and stability, as demonstrated in the MetY operon 
during cold shock. 
 




On temperature downshift, S. typhimurium cells respond by overproduction 
of CspA and other CSPs.  Similarly cold induction of the gene expression of nusA, 
infB, rbfA, and pnp has been observed in E. coli (Bae et al., 2000).  Experiments in 
this current study demonstrate cold induced expression of transcripts in the S15 locus 
and MetY operon of S. typhimurium SL1344 cells, by qRTPCR (Figure 4.3) and 
Northern analysis (Figure 4.5, 4.7, 4.9, 4.10 & 4.11).  Cold induction of these genes 
observed by these methods confirms the detection of the CSR by microarray analysis 
carried out in a previous study (Hutchinson, 2005).   
Five of the genes used in validation lie in a cold associated region in the 
adjacent MetY and S15 loci.  This study demonstrates that in S. typhimurium cold 
induction of nusA, infB, rbfA, pnp and csdA occurs and anti-termination events and 
read-through arise at low temperature in both operons.  Northern analysis also 
demonstrated a high rate of mRNA turnover of transcripts in the MetY operon at 
37°C and 10°C in comparison to the more stable transcripts in the S15 operon.     
Evidence that the CspA paralogues are transcriptional anti-terminators in a 
purified in vitro system has previously led to the suggestion that cold-shock 
induction in the MetY operon and S15 locus is mediated by CspA transcription anti-
termination (Bae et al., 1999).  The present study demonstrates that in SL1344, cold 
induced expression and anti-termination in the S15 operon occurs independently of 
CspA paralogues but that they do play a role in post-transcriptional processing.  This 
work also shows that although anti-termination occurs in the absence of CspA 
paralogues in the MetY operon, CspA paralogues influence low temperature 
expression and regulation of transcripts in this region.   
This study demonstrates that CspA paralogues are involved in the 
transcriptional regulation of many important components of the CSR.  It also 
suggests the possible diversity of the mechanisms by which the CspA paralogues 
operate; with the potential to alter promoter activity, mRNA stability and 









5 Do CspA paralogues bind RNA 
in vivo? Cross linking of RNA 











CspA paralogues have been shown to act as RNA chaperones in vitro 
(Inouye, et al., 1997; Phadtare, et al., 2002).  Data in this study provides evidence 
that CspA paralogues are involved in the regulation of a number of transcripts in vivo 
whose products have diverse functional roles within the cell (Chapter 3).      
The specific RNA interactions of CspA, the major cold induced protein 
synthesised at low temperature, and CspE, a member of the CspA family that is 
expressed constitutively at 37°C, are investigated in this chapter.  Bacterial protein: 
RNA interactions have previously been studied using techniques such as RNA 
immunoprecipitation.  However, this requires specific antibodies for the protein of 
interest and does not always detect specific RNA protein interactions.  Other 
methods, including UV induced cross linking and identification through primer 
extension, require previous knowledge of the direct targets (Gilbert et al., 2006).    
Cross-linking RNA and analysis of cDNA (CRAC), a recently developed 
technique for the rapid and accurate identification of protein binding sites on RNA, 
using UV- induced cross-linking, has been established and proved highly successful 
in yeast (Granneman et al., 2009).  This method requires tagging the protein of 
interest with a conventional tandem affinity purification (TAP) tag and a modified 
version a His6-TEV-Protein A (HTP) tag (see Figure 5.1).   
The TAP tag contains two immunoglobulin G (IgG)-binding domains of the 
Staphylococcus aureus protein A (ProtA) and the calmodulin-binding peptide (CBP). 
Both epitope types are separated by spacer regions and a cleavage site for tobacco 
etches virus (TEV) protease (Rigaut, et al., 1999 and Puig, et al. 2001).  In the 
modified TAP tag, HTP, the sequence encoding the calmodulin binding peptide 
(CBP) present in the conventional TAP tag  has been replaced with a fragment 
encoding 6 histidines (His6) (Granneman et al., 2009). 
The steps involved in CRAC using these tagged proteins in the identification 
of RNA:protein binding activity are outlined in Figure 5.2.  To cross-link proteins to 
RNA, 254 nm UV light was used as it penetrates cells and primarily induces the 
formation of covalent bonds between proteins and RNA. IgG pulldown purification 
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was carried out, as the C terminus of the tag (Prot A) binds tightly to IgG.  The TEV 
recognition site was then cleaved with TEV protease and nickel affinity purification 
carried out to bind the His element of the HTP tag.  The HTP tagged protein is the 
test construct and the TAP tag acts as a negative control for gauging non-specific 
binding on the nickel column.  A denaturing step on nickel beads is carried out to 
ensure that only covalently linked RNA is purified.  The cross-linked RNAs are 
subsequently extracted, reverse transcribed, cloned and sequenced to determine their 
identity and binding site.    
In the present study, an inducible expression vector carrying CspE under its 
own promoter and tagged with HTP or TAP was integrated into the chromosome of 
the csp null strain (lacking all six CspA paralogues) of S. typhimurium, as a means to 
determine the detection of RNA protein interactions using CRAC.  This method of 
detecting in vivo RNA:protein interactions was developed in 2009 (Granneman et al., 
2009) and up until now has only been reported in yeast.  This work in bacterial 
species provides the potential to identify targets of bacterial protein:RNA binding 
targets using a high-throughput approach.  This provides a transcriptomic approach 
to understanding the mechanisms underlying regulation of bacterial gene expression 
within cells.    
The present study uses a minor variation of the original CRAC approach to 
determine the specific interaction of CspA at low temperature, of CspE at 37°C, and 
of their binding sites.  In the variation the TAP tag was not used as a negative control 
for the identification of targets and binding sites as the untagged wild-type strain was 
considered to provide an adequate negative control for non-specific binding 
(Granneman et al., 2009).  This work provides the first evidence that CspA 























Figure 5-1 Figure adapted from Granneman et al. (2009)  
(A) Tandem affinity purification (TAP) tag which consists of a cassette coding for the Calmodulin 
Binding Peptide (CBP), a TEV protease cleavage site and a repeat sequence encoding Protein A from 
Staphylococcus aureus (ProtA).  (B) HTP tag encoding six His sequences, a TEV cleavage site and 






























Figure 5-2 Figure adapted from Granneman et. al. (2009) outlining steps involved in 
CRAC method used to identify protein RNA interaction and determine protein:RNA 
binding sites. 










5.2.1 Construction of an arabinose inducible expression vector 
carrying cspE tagged with HTP and TAP  
 
Construction of an arabinose inducible expression vector carrying cspE 
tagged with either HTP or TAP was undertaken to use in identifying direct in vivo 
RNA interaction of CspA paralogues.  TAP and HTP tagged cspE constructs were 
synthesized by initial PCR amplification of the tag sequence and chromosomal cspE, 
and subsequent crossover PCR.  The product was ligated into pBAD18, an arabinose 
inducible vector and transformed into csp null electrocompetent cells (see Materials 
and Methods).  
The tag sequences, TAP and HTP, were amplified by PCR using pBS1539 
and pBS1539
HTP
 (Granneman et al., 2009) respectively, as template DNA (see 
Figure 5.3).  The tag forward primer had an overhang corresponding to the 3‟ end of 
cspE coding region for subsequent use in crossover PCR.  cspE was amplified by 
PCR using SL1344 as template DNA.  The cspE sequence amplified excludes the 
ribosomal binding site (RBS) and Shine Dalgarno (SD) sequence (to selectively 
induce CspE using arabinose).  It excludes the translational stop codon and beyond to 
enable transcription to proceed into the tag, and thereby produce a translational 
fusion protein.  The cspE reverse primer had an overhang corresponding to the 5‟end 
of the tag sequence to be used in subsequent cross over PCR.     
PCR products from tag sequences and cspE were separated by DNA agarose 
gel electrophoresis and single bands corresponding to the calculated size of the 
product were gel extracted (see Figure 5.4).  These products were subsequently used 
in cross over PCR using the forward cspE primer and reverse tag primer.  The PCR 
products from crossover PCR were separated by gel electrophoresis and gel 
extracted.  The sequences of the constructs were then confirmed by DNA sequencing 
(Genepool DNA Sequencing Service, Edinburgh) (see Figure 5.5 for construct 
outline).  The 5‟ cspE primer included a KpnI restriction site and the 3‟ tag primer 






























Figure 5-3 Vector map of pBS1539 with ampillicin resistance gene labelled 
TAP tag location is also labelled on map.  HTP tag replaces TAP tag in pBS1539
HTP
.  Tag sequences 
were amplified by PCR, primers are outlined in Materials and Methods and designed to maintain the 

































Figure 5-4 CspE, TAP and HTP tag fragments for synthesis of construct 
Gel A shows the PCR products of cspE sequence used in the construction of CspE tagged proteins.  
Primers were designed to exclude the RBS and SD sequence and exclude the translational stop codon 
and maintain the correct reading frame.   Lane 1 shows the product used in the HTP tagged construct 
with 5‟ HTP overhang and Lane 2 shows that used in the TAP tagged construct with 5‟TAP overhang, 
RS sites and spacer regions.  Gel B shows the PCR products of the HTP (Lane 2) and TAP (Lane 3) 
tag sequences with cspE overhang, RS sites and spacer regions See Figure 5.5 for outline of tagged 
constructs.  See Materials and Methods for PCR details and Table 2.1 for primers and annealing 









Gel A Gel B 






























Figure 5-5 Outline of cspE TAP and HTP tagged constructs with key features 
highlighted.   
Primer sites are shown and primer sequences designed to maintain the correct reading frame and are 












digestions using KpnI and SalI were carried out and PCR products were PCR 
purified, using the Qiagen PCR purification kit for this purpose.  
The purified constructs were subsequently cloned into the corresponding sites 
in pBAD18, an arabinose inducible vector which displays Carbenicillin resistance 
(see Figure 5.6 for vector map).  For the purpose of cloning, KpnI and SalI digested 
pBAD18 was dephosphorylated to prevent re-ligation and was subsequently purified.  
The digested and purified pBAD18 and PCR the tag constructs were ligated 
overnight at 18°C.  Ligation reactions were then transformed into electrocompetent 
DH5α cells.  The plasmid was then purified and transformed into chemically 
competent csp null cells (MPG558) (see Materials and Methods).  Single 
transformants (csp null cells carrying the pBAD18 cspE-tagged vector) were 
inoculated into 5 ml LB and grown at 37°C overnight.  Following plasmid 
purification, DNA sequencing was carried out and the presence of plasmid 
containing in-frame constructs was confirmed.     
Expression of these tagged proteins under an arabinose inducible promoter 
was confirmed by Western analysis (Figure 5.7).  For this purpose, csp null pBAD18 
cspE tagged strains were grown in LB with Carbenicillin at 37°C with shaking at 200 
rpm to an OD600 of ~0.3.  A 1 ml aliquot was taken (T0 sample).  Subsequently, 
0.02% (w/v) arabinose was added.  Cells were grown for a further 100 minutes in the 
same conditions and 1 ml samples were taken at 20 minute intervals during this 
period.  1 ml samples were pelleted by centrifugation, 1 minute at 12 000 g at low 
temperature.  Cell pellets were resuspended in 20 µl of 2x SDS sample buffer and 
protein samples were separated by SDS-PAGE (see Materials and Methods).  
Proteins were then transferred to a nitrocellulose membrane using a Trans Blot Semi 
Dry Transfer cell (Bio-Rad) and stained with Ponceau Red to validate equal loading 
of samples.   
Western analysis using anti-ProtA antibodies coupled to horseradish 
peroxidase diluted 1:5000 against the repeat Protein A sequence in both the TAP and 
HTP tag was carried out (see Materials and Methods) to confirm expression of the 
tagged cspE and to detect levels of induction of the expression vector under the 





























Figure 5-6 Vector map of pBAD18 showing unique restriction sites, KpnI and SalI in 


























Figure 5-7 Western analysis to show expression of fusion proteins in csp null strains 
carrying pBAD18 encoding TAP and HTP tagged CspE. 
Panel A and B show the Western analysis of the csp null strain containing pBAD18 encoding a CspE-
TAP and CspE-HTP fusion protein respectively, following an arabinose induction course.  0 minute 
samples were prior to addition of  0.02% arabinose, samples were taken at 20 minute intervals over 
100 minutes.  Protein samples from csp null and SL1344 strains were included as controls. 
The Bio-Rad Mini Protean II apparatus was used to separate proteins on SDS-PAGE gels (10cm x 
12cm) and proteins were transferred to a nitrocellulose membrane using a Trans Blot Semi Dry 
Transfer cell (Bio-Rad) according to the manufacturer‟s instructions.  The transblotter was run at 15V 
for 1 hour at 500 mA. TAP and HTP tagged proteins were detected using polyclonal rabbit anti-TAP 
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ECL Plus (GE Healthcare) and signals at the expected size of the fusion protein for 
both plasmid tagged cspE inducible csp null strains were detected.  The arabinose 
induction time course revealed that expression was induced in CspE TAP tagged 
strains at 60 minutes post arabinose supplementation where as in CspE HTP tagged 
strains expression was detected at 40 minutes post supplementation.   
 
5.2.2 Detection of direct protein RNA interaction for CspE in S. 
typhimurium, using CRAC technology, when ectopically 
expressed 
 
Construction of the csp null strain carrying pBAD18, with TAP and HTP 
tagged cspE provides a tool which can be used in CRAC technology to identify 
direct in vivo RNA:CspE interaction.  These tagged strains were grown in LB with 
appropriate antibiotics at 37°C with shaking at 200 rpm to OD600 0.3.  0.02% (w/v) 
arabinose was added to cells and incubated under the same conditions for 60 minutes 
to allow expression of both tagged CspE fusion proteins from pBAD18.  2g of cells 
were harvested by chilled centrifugation at 4°C, 8000rpm for 15 minutes.  Cell 
pellets were resuspended in 2/3 ml of ice cold PBS and placed in a Petri dish on ice.  
In vivo cross-linking of the cell suspension was carried out on ice in a Strata linker 
UV1800 (254nm) at 4000 x100µJ/cm
2 
four times (see Material and Methods).  Cells 
were lysed in 1.5 ml of TMN150 buffer and 3 ml of Zirconia beads by vortexing for 
1 minute and incubating on ice for 1 minute, repeated five times.  Cell debris was 
removed by centrifugation at 4 600 g at 4°C.  The supernatant was then transferred to 
1.5 ml eppendorfs and centrifuged for 20 minutes at 20 000 g at 4°C.   
Affinity purification (against the repeat Protein A sequence in both tags) was 
carried out by incubation on pre equilibrated IgG beads two hours at 4°C whilst 
rotating.  The beads were washed in TMN1000 buffer with 0.5% β-mercaptoethanol 
freshly added and harvested by brief centrifugation at <1000 rpm.  The beads were 
subsequently resuspended in 600 µl of TMN150 buffer with 5 µl of β-
mercaptoethanol freshly added.  10 µg of homemade GST-TEV protease was added 
and incubated for two hours at 18°C whilst rotating to cleave the TEV protease.  The 
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eluate was transferred to a micro bio spin column (BioRad) and the eluate collected 
and an aliquot taken for subsequent analysis.  Following cleavage at the TEV 
protease site 1µl of RNace-IT (10U/µl, Stratagene) was added to 500µl of RNA 
cross-linked TEV eluates and incubated for 5 minutes at 37°C.  0.4 g of Guanidium-
HCl was dissolved in the TEV eluate and NaCl and imidazole added to a final 
concentration of 300mM and 10mM respectively.   
The total cell lysate and TEV eluates were separated by SDS-PAGE and 
transferred to a nitrocellulose membrane.  Western analysis using polyclonal rabbit 
anti-TAP antibodies (Open Biosystems) was carried out.  Figure 5.8 is a Western 
analysis which shows the detection of TAP and HTP tagged CspE.  Aliquots from 
cspE TAP tagged samples can be seen in Figure 5.8 Lanes 1 and 2 and cspE HTP 
tagged samples, in Lanes 3 and 4.  The anti-TAP antibodies can be used to detect 
TAP before or after TEV cleavage and does not depend on the CBP domain (Rigaut 
et al., 1999).    
 
Confirmation of protein expression and purification  
 
TAP tagged CspE 
 
In the whole cell lysate multiple bands were detected (Figure 5.8 Lane 1).  
The predominant band was at the expected size of the CspE TAP fusion protein (~30 
kDa).  Lower bands are presumably cross reacting bands from degradation products 
as they are not present following TEV cleavage.  A cross reacting band higher than 
the 30 kDa signal was observed this was also detected in the TEV eluate.  Lane 2 is 
the aliquot of TEV eluate following IgG purification and cleavage with the TEV 
protease.  The predominant band was detected at the expected size of the fusion 






















Figure 5-8 Western analysis of csp null pBAD18 cspE tagged strains using polyclonal 
rabbit anti-TAP antibodies.   
Lane 1 and 2 show CspE TAP tagged whole cell lysate and TEV eluate and Lanes 3 and 4 show 
equivalent CspE HTP tagged samples  Protein marker sizes are shown in kDa.  Proteins cross-linked 
to RNA were separated by SDS PAGE using a 1.5mm thick (10cm x 10cm) NuPage 4-12% gradient 
gel Bis-Tris (Invitrogen) and transferred to a nitrocellulose membrane using a wet transfer system 
using the Invitrogen buffer supplied at 100V for 1.5 hours. TAP and HTP tagged proteins were 
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     TAP                HTP 
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HTP tagged CspE 
 
In the whole cell lysate of HTP tagged CspE multiple bands were detected 
(Figure 5.8 Lane 3).  The predominant band was at the expected size of the CspE 
HTP fusion protein (~28 kDa).  Lower bands are presumably cross reacting bands 
from degradation products as they are not present following TEV cleavage.  A cross 
reacting band higher than the 28 kDa signal the same size as that observed in TAP 
samples was observed which was also detected following TEV cleavage.  This 
suggests that this is a plasmid based or strain based cross reactivity.  Lane 4 is the 
aliquot of TEV eluate following IgG purification and cleavage with the TEV 
protease.   
The predominant band detected was at the expected size of the fusion protein 
following TEV cleavage (~8 kDa).  This demonstrates that CspE tagged with either 
HTP or TAP is expressed from an arabinose inducible vector in S. typhimurium csp 
null cells following arabinose induction.  It also demonstrates that these fusion 
proteins can be isolated through the tandem purification process.  Following IgG 
purification, TEV cleavage and RNase treatment, nickel purification against the six 
histidine repeat sequence in the HTP tag was carried out.  Samples were incubated on 
pre equilibrated (in wash buffer I) nickel-NTA beads (Qiagen) and incubated at 4°C 
overnight whilst rotating.  Beads in the column were washed twice with 750 µl of 
wash buffer I (rinsing the edge of the column thoroughly) and twice with 750 µl of 
1XPNK buffer.     
 
Detection of RNA protein cross linking in vivo 
 
Whilst on the nickel beads RNA remnants complexed to CspA paralogues 
were treated with alkaline phosphatase to remove the 3‟ phosphates, left behind 
following RNase cleavage.  RNAs were then 5‟ phosphorylated by T4 
polynucleotide kinase in the presence of [γ 
32 
P] ATP. SDS-PAGE was carried out 



















Figure 5-9 Radioactively labelled RNA bound to TAP tagged CspE (Lane 1) and HTP 
tagged CspE (Lane 2).   
CspE UV cross linked RNAs were labelled with P
32
-γATP(10µCi/µl) and separated by SDS PAGE 
using a 1.5mm thick (10cm x 10cm) NuPage 4-12% gradient gel Bis-Tris (Invitrogen) and transferred 
to a nitrocellulose membrane using a wet transfer system using the Invitrogen buffer supplied at 100V 
for 1.5 hours.  Samples were detected by autoradiography exposing the membrane to film in a cassette 












wet transfer system and the buffer supplied by Invitrogen, according to the 
manufacturer‟s instruction for 1.5 hours at 100V.  The membrane was exposed to a 
film for 5 minutes and imaged (see Figure 5.9).  The signal from CspE tagged with 
HTP was extremely strong (Lane 2) indicating that CspE had bound a significant 
amount of RNA.  By comparison a small signal was detected from the TAP tagged 
CspE (Lane 1).  Cross reactivity with TAP has been frequently reported in the 
literature (Granneman, personal communication).      
The detection of radioactively labelled RNA, at the approximate size of the 
protein demonstrates in vivo RNA binding activity of CspE in the csp null strain.  As 
the csp null strains per se lacks all six CspA paralogues and this family of proteins 
have been shown to have a functional overlap, the observed binding may or may not 
be the natural targets of CspE.  It is noteworthy that it has been shown that CspE 
rescues the low temperature growth defect of csp null (Hutchinson, 2005).  It is also 
noteworthy that CspE is being expressed from an inducible vector, therefore 
expression levels may not be at their native level.  Despite these caveats this study 
establishes the use of CRAC in the detection of in vivo RNA-protein interactions in 
bacterial cells and provides the first evidence of in vivo RNA binding activity of 















5.2.3 Construction of chromosomally expressed CspA and CspE 
tagged with HTP, and under the control of their native 
promoters 
 
Based on the result shown above an investigation into the specific targets of 
CspA at low temperature and of CspE at normal growth temperature were 
undertaken.  Studies carried out using CRAC have recently proved an untagged wild-
type to be effective as opposed to a TAP tagged strain which is chromosomally 
expressed (Granneman, personal communication).  Therefore construction of a 
chromosomally HTP tagged CspA or CspE was undertaken in SL1344 cells.  These 
strains provide tools to identify the specific RNA interactions of CspA and CspE at 
their native level of transcription, using CRAC.   
The HTP tagged cspA and cspE constructs were synthesized by amplification 
of the HTP tag sequence and chromosomal cspA and cspE fragments (see Figure 
5.11 Lanes 1, 3, 4 and 6).  The cspA paralogues were amplified by PCR using 
SL1344 as template DNA.  The translational stop codon and beyond were excluded 
at the 3‟ end to allow the formation of a translational fusion to the HTP tag.  The 
cspA and cspE paralogue reverse primers had an overhang corresponding to the 
5‟end of the HTP tag sequence for use in subsequent crossover PCR.  The HTP tag 
sequence was amplified by PCR using pBS1539
HTP
 as template DNA (see Figure 
5.3).  The HTP tag forward primer had an overhang corresponding to the 3‟ end of 
the cspA or cspE paralogue coding region for use in subsequent crossover PCR.   
PCR products were separated by DNA agarose gel electrophoresis and single bands 
corresponding to the estimated size of the product were gel extracted, these products 
































Figure 5-10 CspA, CspE and HTP fragments and the crossover PCR products used in 
the construction of the chromosomally tagged CspA and CspE HTP strains. 
DNA agarose gel (1.5% w/v) to show the PCR products of the HTP tag for the cspA construct (Lane 
1) and the cspA fragment (Lane 3) used in subsequent crossover PCR to synthesize the construct 
(Lane 2).  Lane 4 and 6 show the HTP tag and cspE fragment for the cspE construct used in crossover 
PCR to synthesize the cspE HTP construct (Lane 5).  100bp DNA molecular weight ladder is on the 























































Figure 5-11 Outline of cspA and cspE HTP tagged construct with key features 
highlighted.   
Primer sites are shown and primer sequences designed to maintain the correct reading frame and are 









Panel A: cspA HTP construct 
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Crossover PCR was carried out using the forward cspA paralogue primer and 
the reverse tag primer with restriction sites at the 3‟ and 5‟ end.  The crossover PCR 
products were separated by gel electrophoresis (see Figure 5.10 Lanes 2 and 5), gel 
extracted and the sequence of the construct was confirmed by DNA sequencing 
(Genepool DNA Sequencing Service, Edinburgh).  See Figure 5.11 for construct 
outlines.  The 5‟ cspA paralogues primer included an AseI restriction site and the 3‟ 
HTP tag primer included a SalI restriction site to facilitate cloning.  Restriction 
digestions using AseI and SalI were carried out and PCR products were purified.  
The constructs were subsequently cloned into pTOF24, a temperature 
sensitive derivative of pKO3 which has both Kanamycin and Chloramphenicol 
resistance, sucrose sensitivity and slow growth over 30°C (see Figure 5.12 for vector 
map).  This low copy number plasmid (~10/cell) was extracted from E. coli 
ECMD70 cells (DH5α containing pTOF24) and digested using unique restriction 
sites AseI and XhoI with the aph gene.  SalI at the 5‟ end of the CspA paralogue 
HTP tagged constructs, and XhoI are compatible sites enabling ligation with 
consequential loss of the restriction site.  The digested pTOF24 fragments were 
dephosphorylated to prevent re-ligation and subsequently purified.   
Ligations of the digested pTOF24 and cspA paralogue HTP tagged fragments 
were carried out over night at 18°C.  1 µl of ligation reactions were transformed into 
electro-competent DH5α cells by electroporation (see Materials and Methods).  
Single transformants (DH5α cells carrying the pTOF24 cspA paralogue fragment 
HTP tagged vector) were inoculated in 5 ml of LB and grown with shaking at 200 
rpm at 30°C with chloramphenicol selection.  The construct was inserted in the aph 
cassette disrupting the kanamycin resistance gene, therefore patch plating on 
Kanamycin (Km
+
) or chloramphenicol (Cm
+
) plates was carried out in parallel to 
negatively screen for transformants harbouring the fragment encoding the CspA 















































Figure 5-12 Map of pTOF24 vector showing unique restriction sites, AseI and SalI and 






































Figure 5-13 Example of test for temperature sensitivity of pTOF24 through out cloning 
of chromosomally HTP tagged CspA and CspE. 
Stationary phase culture (1x10
8
) was grown at 30°C shaking at 200 rpm for 16 hours.  Five 10 fold 
serial dilutions were carried out and 5 µl in duplicate was plated on LB agar with appropriate 
antibiotics, labelled 1 (neat) to 6.  Plating was repeated on two separate plates.  One plate was 
incubated at 30°C (A) and one plate was incubated at 42°C (B) overnight.. Temperature sensitive 






















The pK03 plasmid (which pTOF24 is derived from) displays "very-slow-
growth", not "no-growth" at 43°C.  Thus, temperature sensitivity tests were carried 
out at each stage during cloning: before purification of pTOF24; following 
transformation of pTOF24 carrying the fragments encoding the CspA-tag into DH5α 
cells and following transformation into SL1344 cells, before temperature shift and 
recombination onto the chromosome. To test for temperature sensitivity stationary 
phase cultures (2x10
9
) were grown at 30°C shaking at 200 rpm for 16 hours.  Ten 
fold serial dilutions were carried out in PBS and 10 µls spotted (in duplicate) on 
duplicate plates of LB agar with appropriate antibiotics.  One plate was incubated at 
30°C (A) and one plate was incubated at 43°C (B) overnight.  Temperature sensitive 
colonies form single colonies at 30°C and display >2 log difference compared with 
samples grown at 43°C.  Colonies were selected based on colony size and growth as 
this plasmid is non permissive at 43°C.  See Figure 5.13 for example of temperature 
sensitive growth. 
Following three rounds of purification, a stationary phase DH5α strain 
carrying pTOF24 with construct that displays kanamycin sensitivity, 
chloramphenicol resistance and temperature sensitivity was grown at 30°C with 
appropriate antibiotics.  The plasmid was purified and the correct inclusion of the 
CspA paralogue HTP tag construct was confirmed by DNA sequencing.  The 
pTOF24 carrying CspA HTP tag and that carrying the CspE HTP tag were 
transformed into chemically competent SL1344 cells (see Materials and Methods).  
The plasmid is non-permissive at 43°C and therefore cells were recovered at 43°C on 
Cm
+ 
plates thus selecting for chromosomal recombinants 
(SL1344::pTOF24cspAHTP and SL1344::pTOF24cspEHTP).  As the fragment of 
cspA or cspE provides a region of chromosomal identity it is anticipated that 
recombination is most likely to occur at this sequence and the tagged paralogues 




























Figure 5-14 Western analysis to show expression of chromosomally expressed CspA 
(at 10°C, Gel A) and CspE (at 37°C, Gel B) HTP-tagged fusion proteins in SL1344 
Gel A shows chromosomally expressed CspA HTP (Lane 1) and untagged SL1344 (Lane 2) at 10°C. 
Gel B shows chromosomally expressed stationary phase CspE HTP (Lane 1) exponential phase CspE 
HTP tagged (Lane 2) and untagged SL1344 (Lane 3) at 37°C. Western analysis using HRP conjugated 
anti-Protein A diluted 1:5000.   Protein samples from untagged SL1344 strains were included as 
controls.  The Bio-Rad Mini Protean II apparatus was used to separate proteins on SDS-PAGE gels 
(10cm x 12cm) and proteins were transferred to a nitrocellulose membrane using a Trans Blot Semi 
Dry ransfer cell (Bio-Rad) according to the manufacturer‟s instructions.  The transblotter was run at 
15V for 1 hour at 500 mA. TAP and HTP tagged proteins were detected using polyclonal rabbit anti-



















Chromosomal recombinants were screened for expression of the tagged 
proteins.  Exponential phase cultures were grown from single colonies in LB with 
appropriate antibiotics to an OD600 ~0.3 at 43°C shaking at 200rpm.  CspA HTP 
tagged strains were then cold shocked at 10°C for six hours to maximise protein 
expression of CspA.  An aliquot of the CspA HTP tagged sample at 10°C and of 
CspE HTP tagged sample at 43°C from exponential and stationary phase cultures 
were separated by SDS-PAGE (see Materials and Methods).  Proteins were then 
transferred to a nitrocellulose membrane using a Trans Blot Semi Dry Transfer cell 
transfer to the nitrocellulose membrane.  The membrane was stained with Ponceau 
Red to ensure equal loading of samples (data not shown).   
Western analysis using anti-ProtA antibodies coupled to horseradish 
peroxidase diluted 1:5000 against the repeat Protein A sequence in the HTP tag was 
carried out (see Materials and Methods) to confirm expression of the tagged CspA 
and CspE fusion proteins.  The membrane was developed using ECL Plus (GE 
Healthcare) and Protein A was detected in both strains at the approximate size of the 
CspA paralogue with the HTP tag (~28kDa) (see Figure 5.14). 
In Figure 5.14 Image A shows the Western blot analysis demonstrating 
expression of HTP tagged CspA at 10°C.  Image B shows Western blot analysis 
demonstrating expression of HTP tagged CspE at 37°C in stationary (to maximise 
CspE expression) and exponential phase cultures in which expression increased in 
proportion with cell density.  Recombination of pTOF24 carrying the HTP tagged 










5.2.4 Detection of direct RNA interaction of chromosomally 
tagged CspA at 10°C and CspE at 37°C in S. typhimurium, 
using CRAC technology  
 
The endogenously HTP tagged cspA and cspE SL1344 strains provide tools 
to identify the direct in vivo RNA binding targets and sites of CspA and CspE.  
Tagged CspA strains were grown in LB with appropriate antibiotics to approximately 
OD600 0.3 at 43°C and then cold shocked at 10°C for six hours , as before, to analyse 
the RNA targets of the most highly induced cold shock protein in the cell.  Tagged 
CspE strains were grown similarly to approximately OD600 0.3 to analyse the RNA 
targets of constitutively expressed CspE to determine a role for CspA paralogues at 
normal growth temperature.  SL1344 strains were also analysed at 10°C and 37°C as 
controls to account for background binding. 
For the above purpose, 2g of cells were UV cross linked, washed and pelleted 
as described previously for ectopically expressed CspE (see section 5.2.2 and also 
Material and Methods).  Cells were lysed using Zirconia beads,  IgG purification was 
carried out,  TEV cleavage followed by RNase treatment and nickel purification was 
carried out (against the His element of the HTP tag) as previously described (see 
Material and Methods).  IgG eluates and nickel eluates were separated by SDS-
PAGE and transferred to a nitrocellulose membrane.  Western analysis was carried 
out and HTP tagged proteins were detected using polyclonal rabbit anti-TAP 
antibodies (Open Biosystems) as described previously (see Figure 5.15).  
Western analysis on protein samples from total cell lysate and following IgG 
purification, TEV cleavage and nickel purification in SL1344 and tagged samples at 
10°C and 37°C are displayed in Figure 5.15.  In the IgG eluates of the HTP tagged 
strains a single band was detected corresponding to the estimated size of the CspA 
paralogue and HTP tag, ~28kDa for both CspE and CspA (Lanes 2 and 4).  No band 
was detected in samples from the untagged SL1344 strain at 10°C or 37°C (Lanes 1 
and 3).  In the nickel eluates following cleavage of the TEV protease and purification 
through a nickel column a single band was also observed for each of the tagged 
strains corresponding to the size of the CspA paralogue and the six histidine repeat  
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Figure 5-15  Western analysis to show detection and purification of CspA and CspE 
HTP tagged proteins  
Western analysis using polyclonal rabbit anti-TAP antibodies (Open Biosystems).  Lanes 1 to 4 are 
IgG eluates of untagged SL1344 and CspA HTP tagged cells at 10°C and untagged SL1344 and CspE 
HTP tagged cells at 37°C.  Lanes 5 to 8 are eluates following TEV cleavage and nickel purification of 
of untagged SL1344 and CspA HTP tagged cells at 10°C and untagged SL1344 and CspE HTP tagged 
cells at 37°C. Proteins were separated by SDS PAGE using a 1.5mm thick (10cm x 10cm) NuPage 4-
12% gradient gel Bis-Tris (Invitrogen) and transferred to a nitrocellulose membrane using a wet 
transfer system using the Invitrogen buffer supplied at 100V for 1.5 hours. TAP and HTP tagged 
proteins were detected using polyclonal rabbit anti-TAP antibodies coupled to horseradish peroxidase 














































sequence (Lanes 5 and 7).  As before no bands were detected in the samples from the 
SL1344 control strains (Lanes 6 and 8).  This confirms the expression and 
purification of the CspA paralogues of interest.     
Whilst on the nickel beads samples of RNA complexed to CspA paralogues 
were treated with alkaline phosphatase to remove the 3‟ phosphates left behind 
following RNase cleavage.  RNAs were then 5‟ phosphorylated by T4 
polynucleotide kinase in the presence of [γ 
32 
P] ATP.  On bead ligation of the 
miRCat-33 linker to the 3‟ end of the RNA was carried out.  On bead ligation of the 
5‟ Solexa linker was carried out.  The linker sequences ligated to the RNA were 
unique for each sample, CspA (tagged), SL1344 at 10°C (untagged), CspE (tagged) 
and SL1344 at 37°C (untagged) to enable samples to be pooled.   
Proteins with radiolabelled RNA fragments flanked by linkers attached were 
eluted from the nickel beads and subsequently resolved on Bis-Tris NuPAGE gels 
(see Figure 5.16).  One eighth of each sample was separated individually and the 
remainder of each 10°C sample (tagged and untagged) were pooled, as were the 
37°C samples.  Proteins were transferred from the agarose gel to nitrocellulose 
membrane and visualized by autoradiography.  The membrane was exposed to film 
at -80°C for fifteen minutes and then imaged.   Figure 5.16 Gel A shows the 
individual samples at 10°C (SL1344 and HTP tagged CspA) and at 37°C (SL1344 
and HTP tagged CspE).  Analyses of strains expressing HTP-tagged CspA revealed a 
radioactive band that migrated near the expected molecular mass of CspA after in 
vivo cross-linking.  Also, a radioactive band of similar size was detected in the CspE 
tagged sample.  No signal was detected in the SL1344 untagged samples.  Gel B 
shows the remainder of the pooled test and control samples.   
Radioactive bands were located on the membrane and membrane slices were 
incubated with proteinase K to release cross-linked RNAs (see Materials and 
Methods).  RNA was then precipitated and reverse transcribed (see Materials and 
Methods).  The cDNA was amplified by PCR using linker-specific primers (L5 PCR 
oligos for Sanger sequencing and miTcat solexa oligos) and LA Takara Taq (see 
Materials and Methods).  PCR reactions were pooled and precipitated.  To minimize 
recovery of primer dimers PCR products were separated on a 3% (w/v) Metaphore 
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agarose gel (see Figure 5.17).  Two bands were detected, at approximately ~250 bp 
and 700 bp.  Both bands were excised and purified.  This potentially provides a 
library of in vivo RNA targets of CspA at 10°C and CspE at 37°C.  The different 
sequence of each 3‟ linker sequences facilitate each RNA target to be identified by 
cloning and Sanger sequencing.  The 5‟ primers facilitate sequencing of all RNA 
targets by Solexa sequencing which is a high throughput method that is able to 
identify thousands of short insert sequencing in a more cost effective way than 
Sanger sequencing by individual insert.  
For sequence analysis, gel-purified fragments were cloned in the pCR4TOPO 
vector following the manufacturer‟s instructions, and transformed into Escherichia 
coli.   The insert of individual clones was indentified by Sanger sequencing 
(Genepool DNA Sequencing Service, Edinburgh).  48 clones from the larger PCR 
products and 48 clones from the small PCR products were sequenced.  The 
sequences were analysed to determine linker sequences and inserts using BioEdit and 
VectorNTI.  Among the 96 sequenced clones, 19 had no insert sequences, of the 
remaining 77 sequenced, 10 had inserts that were apparently random as no BLAST 
hits revealed any similarity to the Salmonella genome, 46 contained inserts that 
aligned in part to sequence in the SL1344 genome but the alignment was not 
significant as the insert length was short and 21 had inserts that were sequenced and 
mapped to the SL1344 or LT2 genome using BLAST (NCBI) with a significant 






























Figure 5-16  Radioactively labelled RNA bound to HTP tagged CspA and untagged 
SL1344 at 10°C and HTP tagged CspE and untagged SL1344 at 37°C.   
CspA paralogue UV cross linked RNAs were labelled with P
32
-γATP(10µCi/µl) and separated by SDS 
PAGE using a 1.5mm thick (10cm x 10cm) NuPage 4-12% gradient gel Bis-Tris (Invitrogen) and 
transferred to a nitrocellulose membrane using a wet transfer system using the Invitrogen buffer 
supplied at 100V for 1.5 hours.  Samples were detected by autoradiography exposing the membrane to 
film in a cassette for fifteen minutes at -80°C.   Position of  protein marker run on SDS alongside 
samples is highlighted.  Gel A shows one eighth of the samples individually and  Gel B shows the 









































































Gel A: individual 
samples 



















Figure 5-17 Products in the cDNA library of CspA and CspE RNA binding targets.   
Following proteinase K treatment, cross-linked RNAs were precipitated, reverse transcribed and 
amplified by PCR.  The products were separated on 3% metaphore agarose.  Both bands (boxed) were 

























The linker sequences of inserts that significantly align to the Salmonella 
genome were analysed to identify the binding target (see Table 5.2).  17 of the inserts 
are targets directly bound to CspE at 37°C and 1 of the inserts was a target of CspA.  
For 3 of these inserts the linkers sequenced were too short to be identified.  This data 
does not show an even distribution of CspA and CspE targets.  This may indicate 
inefficient ligation of the CspA specific linker; alternatively it may indicate that 
CspA has fewer RNA binding targets.  It is noteworthy the radioactive signal for 
CspA was high.   
CspA was determined to directly bind to 16SrRNA at 10°C, as was CspE at 
37°C, which also bound directly to 23S rRNA.  In addition CspE was shown to bind 
to five RNA targets involved in translational processes, seven RNA targets which 
have gene products involved in metabolic pathways and a number of other 
potentially interesting targets.  This data is summarised in Table 5.1 and discussed in 









Table 5-1 Table to show the linker sequences and inserts of direct in vivo RNA targets of CspA and CspE.  BLAST search results were considered 
significant when the P value was <0.01 
 
3' linker (Sanger seuencing) Insert 5' linker (Solexa 
sequencing) 













GGTGCCAAGGC           
caggaatgccgagaccgatctcgtat
gccgtcttctgcttg 























































































































































rRNA-16S ribosomal RNA 4.00E-12 
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5.3 Discussion 
 
5.3.1 In vivo evidence that CspA paralogues bind RNA at 37°C 
(CspE) and at 10°C (CspA) 
 
The results from Table 5.1 show that at 37°C CspE directly interacts with a 
number of RNAs encoding enzymes involved in major biosynthetic pathways, including 
riboflavin metabolism, glycolysis and glycerophospholipid biosynthesis.  3,4-dihydroxy-
2-butanone 4-phosphate synthase (RibB) is required for Vitamin B synthesis (Richter, et 
al., 1993), triosephosphate isomerise (TPI) plays an important role in glycolysis and 
panthothenate kinase (CoaA) is the first enzyme in the Coenzyme A biosynthetic 
pathway (Anderson and Cooper, 1969).  These are essential components for multiple 
downstream pathways, degradative metabolic pathways and efficient energy production 
in the cell.  Two of the CspE targets, putative glycerol-3-phosphate acyltransferase, 
plsX, and anaerobic glycerol-3-phosphate dehydrogenase subunit C, glpC, are involved 
in glycerophosolipid metabolism (Yoshimur, et al., 2007; Cole et al., 1988).  
Phospholipid biosynthesis is a vital aspect of bacterial physiology and plays a critical 
role in regulating the cellular membrane.   
CspE was also bound to bactoprenol glucosyl transferase (GtrB) which has a 
homologue in E. coli prophage CPS-53.  It has been proposed that GtrB is involved in O 
antigen modification catalyzing the transfer of the glucose residue from UDP-glucose to 
a lipid carrier (Korres, 2005). This enzyme is a putative member of the 
glycosyltransferase family.  In addition molybdopterin converting factor subunit 2 
(moaE) whose functional product displays transferase enzyme activities was identified 
as a binding target of CspE.   It is involved in the sulphur relay pathway in the synthesis 
of molybdenum containing enzymes that catalyse basic metabolic reactions 
(Rajagopalan, 1997; see Figure 5.18). 
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This direct in vivo interaction of constitutively expressed CspE with multiple 
RNA targets involved in metabolic pathways indicates that CspA paralogues are 
involved in the processing or chaperoning of transcripts in fundamental biosynthetic 







Figure 5-18 Schematic diagram to show the pathway involving MoaE  in the synthesis of 
molybdopterin (NCBI) 
 
This study also reveals that CspE directly binds to sdiA, encoding a DNA 
binding transcriptional dual regulator.  In S. typhimurium SdiA is described as a putative 
quorum sensor of the LuxR family, which regulates genes on the virulence plasmid 
(Ahmer., et al., 1998).  It has also been shown that sdiA encodes a cell division 
regulatory protein that has been shown in E. coli to activate cell division by specifically 
increasing transcription from one of the two promoters that lie immediately upstream of 
the ftsQAZ gene cluster (Garcia-Lara et al., 1996).  Interestingly haemolysin expression 
modulating protein (hha) was identified as a CspE binding target.  Haemolysin is among 
a number of virulence factors in E. coli, S. typhi and Shigella flexneri that are pore 
forming toxins and are believed to contribute to the colonisation of the host (Wallace et 
al., 2000).  In 2007, Silphaduang et al., demonstrated that in S. typhimurium Hha is the 
major repressor responsible for silencing virulence genes carried in SPI-2 prior to 
bacteria sensing an intracellular environmental cue.   
The remaining RNA targets of CspE identified in this study are components of 
the cells translational apparatus.  CspA paralogues have previously been shown to play a 
role in the elongation process in E. coli (Bae et al, 1997, 1999).  Binding of CspA to the 
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cold box of its own mRNA destabilizes the elongation complex of RNA polymerase, 
which results in attenuation of transcription.  Binding of CspE to the DNA leads to 
pausing of the RNA polymerase.  It has also been shown in vitro that nascent RNA in 
transcription complexes interacts with CspE in E. coli (Hanna and Liu, 1998).  This 
study demonstrates that CspE directly binds to mRNA of Elongation factor Tu (Ef-Tu), 
Elongation factor G (EF-G) and Initiation factor 3 (IF3).  EFTu is required for efficient 
ribosome assembly and functions in the elongation process of protein synthesis 
(Weijland et al., 1992).  Elongation factor G is required for translocation of the ribosome 
during translation (Kaji, et al., 2001).  Initiation factor 3 is involved in the dissociation 
of 70S ribosomes by preferentially binding to the 30S subunit; it has also been 
implicated in ribosomal recycling (Subramania et al., 1970; Singh et al., 2008).  RNA 
encoding DEAD-box protein SrmB which participates in the assembly of the ribosomal 
50S subunit (Charollais et al., 2003) was also identified as a CspE binding target.   
The multiple CspE targets with involvement in ribosomal assembly, function, or 
efficiency demonstrate that CspE is involved in post-transcriptional processing of 
transcripts encoding translational factors at normal growth temperature.  It has 
previously been suggested that the CspA paralogues act as RNA chaperones and that, at 
low temperature they act to overcome the stalling of translational apparatus in the cell.  
This data now suggests that CspE is directly involved in the processing of components 
of the translational apparatus at normal growth temperature, possibly through 
chaperoning activity.     
This study has also shown direct binding of CspE to 16S RNA, the small 
ribosomal subunit and 23S rRNA, a component of the large subunit.  CspE is possibly 
involved directly in ribosomal assembly or efficiency.  However given the abundance of 
these rRNA molecules compared to CspE, and the non-essential function of CspE at 
37°C it is more likely that it is involved in post transcriptional RNA processing events, 
possibly destabilizing transcripts or directing them for degradation or maintaining them 
in a suitable conformation to facilitate processing or mask them from RNase attack. 
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The direct in vivo binding of CspE to this suite of RNA targets suggests that they 
may act at a post transcriptional level possibly by stabilising the transcripts, destabilising 
secondary structures and promoting their translation.  Alternatively CspE may act to 
destabilize these transcripts or promote their degradation.  Although the role of CspA 
paralogues is not essential at normal growth temperature under lab conditions, this 
family of proteins are required for adaptation to low temperature.  This data may suggest 
that they play a widespread role, aside from cold adaptation; with possible implications 
in a mechanism to mediate virulence. 
This study revealed at 10°C that CspA directly binds 16S rRNA.  At low 
temperature stalling of translational apparatus and blocking of ribosomes result.   
Functionally at 10°C CspA may support the role carried out by CspE at 37°C at 16S 
rRNA possibly in processing of rRNA for down-regulation of the rate of ribosome 
synthesis during temperature reduction.   
These results provide evidence of direct in vivo RNA binding to targets of 
diverse function.  They also demonstrate the effective use of CRAC in identifying the in 
vivo targets of protein RNA interaction in bacterial cells.  The cDNA library may 
provide a resource to identify more targets of CspE at 37°C and CspA at 10°C through 
high through put sequencing.  Solexa sequencing would not only identify all the RNA 
targets of these proteins but would also enable the specific binding sites of the target 
RNAs and CspA paralogue interaction to be identified. 
This is the first experimental evidence of the RNA binding ability and action of 
CspA paralogues in vivo in bacterial regulation of gene expression.  This work not only 
identifies a number of direct RNA binding targets of the CspA family but is also seminal 
in the future analysis of bacterial protein RNA interactions.  This study demonstrates the 
primary use of CRAC in bacterial species which potentiates a method to identify 
hundreds of thousands of bacterial RNA:protein interactions.  
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6.1 The Cold Shock Response in Salmonella typhimurium 
 
Cold is a physical stress that considerably modifies all physical and chemical 
parameters of a living cell.  It is capable of influencing interactions of macromolecules 
such as DNA, RNA and proteins affecting conformation, flexibility and topology, in 
addition to solute diffusion rates, enzyme kinetics and membrane fluidity (Phadtare et 
al., 2000; Krispin and Allmansberger, 1995).  The sudden shift of exponential phase, 
mesophilic bacteria to low temperature leads to a dramatic reduction in cell growth 
during a period of acclimation before resuming growth, albeit at a reduced rate.  During 
the cold acclimation phase a reduction in the synthesis of cellular proteins is 
concomitant with a transient increase in the rate of synthesis of a small set of cold shock 
proteins (CSPs) (Jones et al., 1987).  It is believed that this is the result of stalled 
translational apparatus and a jamming of the ribosomes by mis-folded transcripts 
(Farewell and Neidhardt, 1998). Meanwhile the transcripts encoding CSPs are 
preferentially translated and act to overcome this translational block and facilitate 
adaptation to low temperature.   
During the acclimation phase of the cold shock response (CSR) the cell 
undergoes a dramatic reprogramming of gene expression.  Although the number of 
genes and gene products detected during the CSR in E. coli is ~27, studies in the global 
transcriptional changes at low temperature in mesophilic bacteria reveal that a large 
number of genes are up-regulated.  In B. subtilis and E. coli, >700 and ~300 cold 
induced targets have been identified respectively ((Phadtare and Inouye, 2004; 
Beckering et al., 2002).  It has also been shown that the bacterial species, the growth 
phase and the extent of the temperature shift all contribute to the number, nature and 
induction of cold shock targets.   
This current study has furthered our understanding of the transcriptional response 
of S. typhimurium to low temperature through the identification of a number of novel 
cold induced targets in exponential cells following shift from 37°C to 10°C using a 
Mudlux transcriptional library.  It is possible that a number of these novel cold induced 
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targets function in overcoming the effects of cold shock given the implications of their 
known functions.  tRNA
pro2 
may function in aiding translational efficiency, possibly 
facilitating rare codon usage or compensating for an increase in reading frame error.  spf 
may aid in overcoming reduced metabolic rates and SL3617 may enhance transcription 
and translation.  SL3618 and cpxP may function in overcoming extracytoplasmic stress 
at low temperature.  
 The cold induction of cpxP may also function in either dampening the Cpx 
regulon to enhance function of the σ
E
 regulon or stimulate the Cpx regulon to work in 
concert with σ
E
.  Two cold induced genes were plasmid encoded and indicate plasmid 
replication and partitioning is altered following cold shock.  Interestingly these plasmids 
show high nucleotide similarity with virulence associated plasmids pSLT of S. 
typhimurium LT2 and pCoo of E. coli (ETEC).  This is in agreement with previous 
global transcriptional analysis of the CSR of other bacterial species including E. coli, 
which has demonstrated the induction of a number of genes of metabolic, extra 
cytoplasmic stress and translational function at low temperatures.  
tRNA
pro2 
and spf  two non coding RNA species that were cold induced at 10°C, 
indicate a role for sRNAs and tRNAs in the adaptation of S. typhimurium to low 
temperature that has maybe been under estimated.  It is only relatively recently that the 
role of sRNAs in the regulation of gene expression in bacterial stress responses has been 
elucidated (Moller et al., 2002).  In E. coli during cold shock, the sRNA DsrA increases 
the translation of RpoS by binding to a complementary sequence in the 5‟-untranslated 
region of rpoS mRNA (Gottesman et al., 1998).  This present study identified the cold 
induction of Spot 42 indicating a role for sRNAs in the regulation of metabolic 
processes at low temperature when energy source is low and demand is high.  Given the 
drastic changes that occur in relation to the translational machinery in the cell at low 
temperature, the number of tRNAs that contribute to the CSR may also be seriously 
underestimated.  These may also play a role in regulating gene expression at low 
temperature.  This highlights the potential for the importance of non coding RNAs 
during the adaptive response to low temperature. 
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Previous work in our laboratory had investigated the global transcriptional 
changes of S. typhimurium at low temperature, using microarrays (Hutchinson, 2005). 
This current study has allowed validation of this data set using a second method: qRT-
PCR. Once validated, further bioinformatic analysis of identified genes and pathways 
was undertaken by Sarzynska, M. (2010) see Appendix 7.2 for data summary).  This 
approach revealed that in addition to the up regulation of the genes encoding known 
CSPs, components of the cobalamin (vitamin B12) and Lipid A biosynthetic pathways 
and elements involved in RNA metabolism.  
 
6.2 Evidence that CspA paralogues regulate gene expression 
at low temperature in S. typhimurium 
 
CspA is the “major cold shock protein” and accounts for more than 10% of total 
protein synthesis during the acclimation phase (Goldstein et al. 1990).  In S. 
typhimurium six CspA paralogues have been identified and CspA and CspB have been 
shown to be highly induced upon cold shock.  In contrast, CspC and CspE are 
constitutively expressed at the optimal growth temperature of 37°C.  The role of CspD 
and CspH is less well understood, although CspH is only moderately expressed at low 
temperature and expression of CspD is inversely dependent on growth rate and induced 
following carbon starvation, they are not believed to be involved in low temperature 
adaptation.  However it has been shown that CspA paralogues play an essential role for 
growth following cold shock in S. typhimurium (Hutchinson, 2005). 
In E. coli, members of the cspA family have been shown to bind RNA molecules, 
which led to their classification as RNA chaperones. Following cold shock there is a 
rapid reduction in general cellular protein synthesis due to mis-folded transcripts 
jamming in the ribosome. It has been suggested that the transcripts of cold induced cspA 
paralogues are stabilised at low temperature and selectively translated.  The current 
model proposes that Csp proteins act to overcome the translational block through their 
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RNA-protein binding interactions. In particular, the CspA paralogues are believed to 
bind to and reverse the formation of the stabilised secondary structures of untranslatable 
mRNAs (Jiang et al., 1997  Bae et al., 2000  Phadtare & Inouye, 1999).  
 
In E. coli, CspA was previously revealed to cooperatively bind to RNA and 
single-stranded DNA in vivo.  The RNA chaperones CspA, CspE and CspC have been 
implicated in suppression of transcription termination at intrinsic terminators in vitro and 
in vivo, possibly by binding to the nascent RNA and preventing the formation of 
secondary structures which may induce transcription pausing and termination (Bae et al. 
2000).  A specific role for CspA paralogues has been proposed in the mediation of anti-
termination events during cold induction of genes encoded in the MetY operon and S15 
locus in E. coli.  Cold induction of gene products in this cluster is essential in E. coli and 
it has therefore been extensively studied.  For example PNPase is essential for growth at 
low temperature and plays a crucial role in RNA degradation, as it is not only the main 
exoribonuclease in the cell but also a component of the degradosome (Condon, et al., 
2007).  Other cold induced transcripts in this region encode functional products with key 
roles in translation and RNA processing.   
This present study demonstrates that in S. typhimurium pnp and csdA are co-
transcribed at low temperature through an increase in transcriptional activity and anti 
termination events at rho intrinsic terminators, independently of the CspA paralogues.  
This work also demonstrates that the transcripts in this operon are stable both at 37°C 
and 10°C and that their stability is not affected by CspA paralogues. In contrast to 
studies in E. coli, this study demonstrates that in S. typhimurium genes in the S15 
operon are transcribed independently of the genes in the MetY operon.  In addition, at 
low temperature nusA, infB and rbfA are co-transcribed and induction occurs through 
anti termination events.  Furthermore this work provides evidence that low temperature 
expression of these genes is modulated by CspA paralogues.  
The transcriptional profile of nusA, infB and rbfA was dramatically altered in the 
csp null strain demonstrating that transcription in this region at low temperature is CspA 
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paralogue dependent.  For the synthesis of a transcript that is translated into a functional 
product, transcription must be initiated and terminated at discrete points.  In the absence 
of functional proteins encoded within this region, the translational machinery in the cell 
would be seriously hindered and unable to adapt following cold shock.  Initiation factor 
2 encoded by infB is essential for ribosomal assembly and translation initiation.  This 
study provides the first in vivo evidence that CspA paralogues regulate the expression of 
nusA, infB and rbfA during CS in S. typhimurium.  This may be crucial to the essential 
role they play during adaptation of S. typhimurium to a sudden shift to low temperature.  
Previous studies in E. coli have shown that CspA acts as a transcriptional 
enhancer of H-NS at low temperature (Brandi et al., 1999).  Evidence also exists that 
indicates CspE acts to inhibit RNaseE activity, a major mechanism by which RNA 
levels are controlled.  The data in this study supports their suggested roles in regulating 
gene expression, indicating that they play a global role in regulating gene expression at 
low temperature.  This study also suggests that they act both as transcriptional enhancers 
and repressors during cold adaptation.  In addition CspA paralogues are demonstrated to 
regulate transcription activity in the MetY operon and a number of novel low 
temperature targets.  Amongst these CspA dependent cold induced targets are plasmid 
encoded genes and cpxP, a member of the Cpx response. 
 
6.3 Evidence that CspA paralogues of S. typhimurium are RNA 
binding proteins 
 
CspA paralogues are believed to regulate the expression of important cold shock 
proteins involved in ribosome maturation, RNA recycling and transcription 
pausing/termination including their own expression (Bae et al., 2000). Their proposed 
RNA chaperone activities are believed to be important in the cold, when secondary 
structures are particularly stable.  Evidence for the role of CspA paralogues mediating 
expression of nusA, infB and rbfA has been presented in this thesis, as in their absence 
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termination anti-termination is disrupted and the transcript is more stable. To elucidate 
the mechanisms involved in these processes, the RNA-binding capacity of CspA 
paralogues in S. typhimurium was investigated 
Cross-linking RNA and analysis of cDNA, CRAC, is a technique to identify 
protein RNA interactions which was previously developed for use in yeast. This work 
has expanded the use of this approach to investigate protein RNA interactions in 
bacteria. Utilising this technique, this study provides the first evidence that in S. 
typhimurium CspE and CspA directly bind RNA at 37°C and 10°C respectively, in vivo.   
Furthermore the identification of a number of direct binding targets of CspE has 
provided insight into the broad role that CspA paralogues play within the cell at optimal 
temperatures.  Bae et al., (1999) showed CspE negatively regulates CspA expression at 
37°C.  It has been suggested that this is through interaction with the transcription 
elongation complex at the cspA “cold box” region by stimulating transcription 
termination (Bae et al., 1999).  This study has shown that at 37°C CspE directly binds to 
two ribosomal rRNA molecules (16SrRNA and 23SrRNA) and two elongation factors.  
This demonstrates direct interaction with components of the elongation complex at 
37°C.  This study also detected the direct RNA binding of CspA to 16S rRNA, which 
suggests functional overlap between CspA and CspE, Further analysis to confirm if 
these CspA paralogues bind to identical or distinct cellular targets may give further 
insights into the function of the CspA paralogues in S. typhimurium. 
Although the CspA paralogues are not essential for growth at 37°C, expression 
of CspA, CspB, CspC or CspE is essential following cold shock (Hutchinson, 2005). 
Therefore functional redundancy exists between these CspA paralogues. The CspE 
targets identified at 37°C are implicated in processes that are drastically affected by cold 
shock.  Therefore it is possible that CspE binding of these targets becomes essential for 
growth at low temperature. These targets may also interact with other CspA paralogues, 
providing functional support/overlap at low temperature, where CspE expression is not 
induced.   
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Other direct CspE binding targets include a number of RNAs, whose products 
are involved in various metabolic processes indicating non essential regulatory roles in 
general biosynthetic pathways and translational events at optimal growth temperature.  
CspE has also been shown to directly bind an RNA encoding hha, a haemolysin 
expression modulating protein.  In S. typhimurium the virulence factors required for 
intracellular growth are encoded on a large pathogenicity island called Salmonella 
pathogenicity island 2 (SPI-2).  Virulence gene regulation in bacterial pathogens is a 
highly coordinated process activated in response to specific environmental cues. 
Silphaduang et al., (2007) demonstrated that Hha is the major repressor responsible for 
silencing virulence genes carried in SPI-2 prior to bacteria sensing an intracellular 
environmental cue.   
 
6.4 Up-regulation of virulence factors following cold shock and 
a role for CspA paralogues in their regulation 
 
In addition to the pathways listed above, subsequent bioinformatic analysis of the 
microarray data has revealed genes encoding a number of virulence associated factors 
are significantly up regulated following cold shock at low temperature.  These included 
a number of genes that belong to the Type III secretion system from Salmonella 
Pathogenicity Island I (SPI-1) including invFGEABC and invIJ-spaOPQRS (see 
Appendix 7.2).  A number of the novel cold induced targets also have potential roles in 
virulence pathways.  
One of the cold induced genes newly identified in this work, cpxP, is a member 
of the Cpx regulon.  Although it is a negative regulator of the Cpx regulon, it has been 
demonstrated that during extracytoplasmic stress, CpxP is titrated away from CpxA, 
leading to induction of the cpx regulon (Danese and Silhavy., 1998).  Humphrey et al., 
(2004) have previously demonstrated in vivo that the Cpx system plays an important role 
in regulating S. typhimurium adhering to and invading eukaryotic cells.  Low 
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temperature induction of this gene may support a role for CpxP as a stress combative 
protein while titration of CpxP away from CpxA may lead to the induction of the Cpx 
regulon.  The σ
E
 regulon has been implicated in combating extra cytoplasmic stress at 
low temperature however the σ
E 
and Cpx regulon have previously been shown to work 
synergistically during stress responses (Alba et al., 2004; Rowley et al., 2006).  The 
microarray data reveals that a significant number of targets of the Cpx regulon were up 
regulated at low temperature (see Appendix 7.2 for data). 
Furthermore two plasmid encoded genes were up regulated that are involved in 
plasmid replication and partitioning in two large plasmids in SL1344.  The presence of 
high molecular weight plasmids has previously been implicated in the virulence of 
Salmonella (Gulig and Curtiss, 1987; Michiels., et al., 1987).  These plasmids have only 
recently been sequenced and annotation is limited.  However, Plasmid 1 shares a high 
percent nucleotide identity to pSLT the virulence plasmid in S. typhimurium LT2, and 
Plasmid 2 shares a high percent identity to pCoo, the virulence plasmid in E. coli ETEC.  
This data further implies that a number of virulence associated pathways are tightly 
regulated at low temperature supporting a previously suggested association between the 
CSR of S. typhimurium and pathogenicity.   
Interestingly the induction of these novel cold induced targets that potentially 
play roles in the pathogenicity of S. typhimurium are dependent on the CspA paralogues 
potentially implicating them in the regulation of virulence associated factors.  The direct 
binding of CspE to a regulator of virulence factors in S. typhimurium, hha (Silphaduang 
et al., 2007), further suggests a previously unidentified role for CspA paralogues in 
regulating virulence.  Further work to investigate the expression of CspA paralogues 
during host infection may provide insight into the role they play in the regulation and 
significance of virulence.  The strains containing the HTP tagged CspA and CspE 
proteins constructed in this study provide tools to identify the targets of these proteins 
during host infection. 
Environmental stresses, including low temperature, have previously been shown 
to increase the pathogenicity of bacteria, for example growth of Listeria  monocytogenes 
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at 4°C increases its virulence in mice by the intravenous route effecting a dose-
dependent manner (Stephens et al. 1991). Evidence from other bacterial pathogens such 
as Pseudomonas aeromonas and Clostridium botulinum also suggests that low 
temperature induces the expression of toxins and that virulence factors are more 
pathogenic at low temperature (Buttiaux et al., 1973; Majeed et al., 1990).  Furthermore 
White-Ziegler et al., (2008) demonstrated the cold induction of many biofilm associated 
factors in E. coli. This is particularly relevant to populations of S. typhimurium that form 
biofilms on gall stones in vivo and cause chronic recurrent infections (Prouty et al., 
2002) lending further support to the proposed association between the CSR and 
virulence.  
This present study identifies a number of targets in S. typhimurium that are 
induced at low temperature and have potential roles in virulence. This may indicate that 
refrigeration of consumable produce during food production, storage and transport may 
promote virulence in S. typhimurium and the incidence of food-borne illness; therefore 
preventing contamination of refrigerated produce in the food industry remains of vital 
importance.  
 
6.5 Wider implications of this study  
 
6.5.1 The cold shock response of S. typhimurium 
 
Salmonella typhimurium is a clinically important bacterial pathogen and a major 
cause of food-borne infection in humans.  The ability for Salmonella to survive and 
grow at low temperatures is important for its potential to cause food-borne infection 
particularly given the use of refrigeration (usually below 8°C) during the storage and 
transit of consumable produce.  Work within this thesis identifies a number of novel cold 
induced genes in S. typhimurium furthering our understanding of the pathways and 
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processes that take place following cold shock. This work could be used to direct future 
studies to investigate these pathways in greater detail, potentially identifying 
components essential for adaptation of S. typhimurium following cold shock. Further 
inhibition of these pathways could then prevent adaptation to low temperature during 
food processing. Potentially our knowledge of the molecular and genetic characteristics 
of the CSR of S. typhimurium could be relevant to many other bacterial food-borne 
pathogens.   
 
6.5.2 The function of the CspA paralogues of S. typhimurium 
 
The nucleic acid binding domain of the CS proteins, the cold-shock domain 
(CSD), is the most evolutionary conserved nucleic acid binding domain within 
prokaryotes and eukaryotes (Yamanaka et al., 1998).  CspA family proteins are widely 
distributed across bacterial species having been identified in many bacterial pathogens 
including many of the major causes of food and water-borne disease, S. typhimurium, E. 
coli, Listeria monocytogenes, Clostridium difficile and Vibrio cholerae. Therefore the 
CspA paralogues may be playing a similar role in these species. Further work would be 
required to investigate this hypothesis. 
The induction of virulence associated factors during cold shock has also been 
highlighted in this study. This could suggest that that refrigeration of consumable 
produce during food production, storage and transport promotes virulence in S. 
typhimurium. This phenomenon has already been identified for other pathogens 
including Listeria monocytogenes. Therefore inhibition of this mechanism could 
potentially decrease the incidence of food-borne illness resulting from contaminated 
foods. As such, this is an important aspect of the CSR, which requires further 
investigation. 
This work demonstrates that the CspA paralogues CspA and CspE of S. 
typhimurium bind RNA in vivo. At optimal growth temperature CspE directly bound to 
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factors involved in translation, metabolism and virulence. The induction of virulence 
associated factors, mediated by the CspA paralogues, following cold shock was also 
identified. This could suggest a novel role for the CspA paralogues in mediating S. 
typhimurium virulence. If the CspA paralogues affect virulence in multiple species they 
could be targeted in the treatment of bacterial infections.   
At low temperature this work demonstrates that the CspA paralogues act as 
transcriptional regulators, mediating anti-termination at cold-induced loci. Development 
of drugs which can inhibit the action of the CspA paralogues in vivo, could be utilised to 
prevent low adaptation. This could potentially increase the efficacy of treatments 
currently used to prevent food contamination. As such, incidences of food-borne illness 
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MPG365      tccaggcactcatcgaTGAAGCGGCGCACGAAAAC (+615)  
MPG366      tccaggcactcatcgaTGAAGCGGCGCACGAAAAC (+615) 
 
A Mudlux insertion site was located at +615 bps 
downstream of the translation initiation codon of SLP2_0019 
in MPG strains 365 and 366 
 
 
MPG357     tcttcgctttaagccggTGAAGCGGCGCACGAAAAC (+427)  
MPG362  gttatgaaactttatctggaTGAAGCGGCGCACGAAAAC (+499) 
MPG369  aacgagagagctgatgaactTGAAGCGGCGCACGAAAAC (+597) 
 
A Mudlux insertion site was located at +427, +499 and 
+597 bps downstream of the translation initiation codon of 
SLP2_0019 in MPG strains 357, 362 and 369 respectively 
 
 
MPG363   tttgcaacacgtatcacacTGAAGCGGCGCACGAAAAC (+269) 
MPG368   tttgcaacacgtatcacacTGAAGCGGCGCACGAAAAC (+269) 
 
A Mudlux insertion site was located at +269 bps 
downstream of the translation initiation codon of SLP2_0020 
in MPG strains 363 and 368 
 
 
MPG370  gacttcaacaatgttcgctaTGAAGCGGCGCACGAAAAC (+85) 
 
Mudlux insertion site was located at +85 bps 
downstream of the translation initiation codon of cpxP in 
MPG strain 370 
 
 
MPG359  gcttcggctttattactcctTGAAGCGGCGCACGAAAAC (+70) 
 
A Mudlux insertion site was located at +70 bps 
downstream of the translation initiation codon of cspA in 
MPG strain 359 
Insertion site 
Mudlux       5  3  
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MPG358  ttttctacggaaacggcacgTGAAGCGGCGCACGAAAAC (+8) 
 
A Mudlux insertion site was located at +8 bps 
downstream of the transcriptional start site of tRNA
pro2
 in 
MPG strain 358 
 
 
MPG361  agttattcacgtagggtacaTGAAGCGGCGCACGAAAAC (-8) 
 
A Mudlux insertion site was located at -8 bps upstream 
of the transcriptional start site of spf in MPG strain 361 
 
 
MPG371    cagcaaacagcttaagcgTGAAGCGGCGCACGAAAAC (+379) 
 
A Mudlux insertion site was located at +379 bps 
downstream of the translation initiation codon of SLP1_0084 
in MPG strain 371 
 
 
MPG367  ttctggtgctgttacacgtcTGAAGCGGCGCACGAAAAC (+4     
 
A Mudlux insertion site was located at +279 bps and +4 
bps downstream of the translation initiation codon of 
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7.2 Microarray analysis carried by Hutchinson (2005), following 
bioinformatic analysis carried out by Sarzynska (2010)  
 
Fold change is the induction ratio of wild-type SL1344 RNA at 37°C compared to that at 
10°C for two hours.  A fold change ≥ 2 with a P value of ≤ 0.05 is considered to indicate 
significant cold induction.  
 
Cold Induced Proteins 
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Cobalamin synthesis 
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RpoE regulated 
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Cpx regulated 
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Salmonella Pathogenicity Island I Type III secretion systems 
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